TURNING UP THE HEAT ON THE LITTLE THINGS THAT RUN THE WORLD: EVALUATING THE IMPACTS OF CLIMATE CHANGE ON ANT BIODIVERSITY IN THE TEMPERATE FOREST COMMUNITIES OF THE NORTHEASTERN UNITED STATES by Del Toro, Israel
University of Massachusetts Amherst 
ScholarWorks@UMass Amherst 
Doctoral Dissertations Dissertations and Theses 
Fall November 2014 
TURNING UP THE HEAT ON THE LITTLE THINGS THAT RUN THE 
WORLD: EVALUATING THE IMPACTS OF CLIMATE CHANGE ON 
ANT BIODIVERSITY IN THE TEMPERATE FOREST COMMUNITIES 
OF THE NORTHEASTERN UNITED STATES 
Israel Del Toro 
University of Massachusetts - Amherst 
Follow this and additional works at: https://scholarworks.umass.edu/dissertations_2 
 Part of the Terrestrial and Aquatic Ecology Commons 
Recommended Citation 
Del Toro, Israel, "TURNING UP THE HEAT ON THE LITTLE THINGS THAT RUN THE WORLD: EVALUATING 
THE IMPACTS OF CLIMATE CHANGE ON ANT BIODIVERSITY IN THE TEMPERATE FOREST 
COMMUNITIES OF THE NORTHEASTERN UNITED STATES" (2014). Doctoral Dissertations. 176. 
https://doi.org/10.7275/vk8p-ae52 https://scholarworks.umass.edu/dissertations_2/176 
This Open Access Dissertation is brought to you for free and open access by the Dissertations and Theses at 
ScholarWorks@UMass Amherst. It has been accepted for inclusion in Doctoral Dissertations by an authorized 
administrator of ScholarWorks@UMass Amherst. For more information, please contact 
scholarworks@library.umass.edu. 
TURNING UP THE HEAT ON THE LITTLE THINGS THAT RUN THE 
WORLD: EVALUATING THE IMPACTS OF CLIMATE CHANGE ON ANT 
BIODIVERSITY IN THE TEMPERATE FOREST COMMUNITIES OF THE 
NORTHEASTERN UNITED STATES 
 
A Dissertation Presented 
 
 
by 
 
ISRAEL DEL TORO 
 
 
 
Submitted to the Graduate School of the 
University of Massachusetts Amherst in partial fulfillment 
of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
SEPTEMBER 2014 
 
Organismic and Evolutionary Biology 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Copyright by Israel Del Toro 2014 
 
All Rights Reserved 
TURNING UP THE HEAT ON THE LITTLE THINGS THAT RUN THE 
WORLD: EVALUATING THE IMPACTS OF CLIMATE CHANGE ON ANT 
BIODIVERSITY IN THE TEMPERATE FOREST COMMUNITIES OF THE 
NORTHEASTERN UNITED STATES 
 
 
A Dissertation Presented 
by 
ISRAEL DEL TORO 
 
Approved as to style and content by: 
_______________________________________ 
Aaron M. Ellison, Chair 
 
_______________________________________ 
John T. Finn, Member 
 
_______________________________________ 
Bethany A. Bradley, Member 
 
_______________________________________ 
Nicholas J. Gotelli, Member 
 
____________________________________ 
Elizabeth R. Dumont, Director 
Organismic and Evolutionary Biology  
  
DEDICATION 
 
 
This work is dedicated to my loving wife, mother and grandmother for their support and 
encouragement over many years. 
 v 
 
ACKNOWLEDGMENTS 
 
This work could not have been completed without countless hours of support from my 
main advisor Aaron Ellison, I am grateful for his advice, motivation and encouragement. 
I also want to thank my dissertation committee for their input on many drafts of this 
dissertation, Bethany Bradley, Jack Finn and Nick Gotelli. Many of the chapters and 
publications resulting from this work were completed in collaboration with Shanon 
Pelini, Relena Ribbons, Nate Sanders and Rob Dunn. I especially thank the massive 
effort from my former undergraduate students: Adam Clark, Natashia Manyak, Drew 
Morrison, Kevin Towle, Michael Marquis, Katie Davis, Matt Combs, Lilian Carpene, 
Ariane Bouily. These students worked with me for many hours and were supported by 
the Harvard Forest REU program and the CSIRO student internship program. A special 
thank you goes to Ms. Penny Jaques and the OEB, the Harvard Forest and the NEAGEP 
faculty and staff and community.  
 
Funding sources for this dissertation were:  
National Science Foundation (GRFP), The Northeast Alliance for Graduate Education 
and the Professoriate, The Australian-American Fulbright Program, National Geographic, 
The American Philosophical Society, CSIRO, the Ecological Society of America, The 
American Museum of Natural History, The UMass Natural History Collections Grand 
and the Academy of Natural Sciences.  
  
 vi 
 
ABSTRACT 
TURNING UP THE HEAT ON THE LITTLE THINGS THAT RUN THE WORLD: 
EVALUATING THE IMPACTS OF CLIMATE CHANGE ON ANT BIODIVERSITY 
IN THE TEMPERATE FOREST COMMUNITIES OF THE NORTHEASTERN 
UNITED STATES 
 
SEPTEMBER 2014  
 
ISRAEL DEL TORO, B.S. UNIVERSITY OF TEXAS EL PASO   
M.S. UNIVERSITY OF MASSACHUSETTS AMHERST  
Ph.D., UNIVERSITY OF MASSACHUSETTS 
 
Directed by: Aron M. Ellison  
 
Climatic change threatens biodiversity worldwide. In the forests of the 
northeastern United States, climate change is expected to increase mean annual 
temperatures by up to 4.5˚C and change precipitation seasonality. These changes in 
climate are likely to have impacts on the biodiversity of the region. In order to better 
understand the impacts of climate change on biodiversity, I used ants, an indicator 
taxonomic group, to predict how ant communities and ant-mediated ecosystem processes 
change as the climate warms. In the first chapter of this dissertation, I review the major 
ecosystem processes and services mediated by ants using the Millennium Ecosystem 
Assessment framework. In chapter two of this dissertation I present the results of a major 
ant sampling effort along environmental gradients of the Appalachian region of the 
northeastern United States. In 2010 I sampled ant communities in forested and open 
habitats at 67 localities from Virginia north to Maine and developed macroecological 
models which show that ant community composition in forested habitats can be explained 
 vii 
 
by the region’s climatic properties. In chapter three, I intensively sampled open and 
forested plots at Harvard Forest LTER and Myles Standish State Forest in eastern 
Massachusetts. In chapter four, I present the results of a warming mesocosm experiment 
using the ant species Formica subsericea. I found that as warming increases, soil 
movement and soil respiration increases but decomposition and nitrogen availability 
decreases.  In the final chapter of this dissertation, I use different functional diversity and 
species distribution models to classify the ant communities of the region into different 
functional groups and explore how their distributions will change in future climates. In 
this dissertation, I show that ant diversity and ant-mediated ecosystem processes are 
likely to change under future environmental and climatic conditions. I used observational, 
experimental and modeling approaches to evaluate and predict the consequences of 
climatic change on the biodiversity of ants in the northeastern U.S. Ants are considered to 
be amongst the little things that run the world, and the impacts of climatic change on their 
communities, abundances, distributions are likely to have major impacts on the forests of 
the region.  
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CHAPTER 1 
THE LITTLE THINGS THAT RUN THE WORLD REVISITED: A REVIEW OF 
ANT-MEDIATED ECOSYSTEM SERVICES AND DISSERVICES 
 
Chapter Summary 
Ants are important for the maintenance and functioning of many ecosystems and 
provide a variety of ecosystem services and disservices.This review summarizes 
information on ecosystem services provided by ants in a framework modeled after the 
Millennium Ecosystem Assessment. In this framework, ecosystem services are divided 
into provisioning, regulating, cultural, and supporting services, and I show that ants 
provide services in each of these categories. I also present a review of some of the major 
disservices mediated by ants (i.e., the roles of ants that have negative consequences on 
human and environmental health, and societal well-being). Our review does not 
exhaustively review any single ecosystem service or disservice, but rather pieces together 
the many ways in which ants are influential in our changing planet and society. I 
conclude by describing future areas of research that will help better understand the 
impact of ants on ecosystems and society.  
 
Introduction  
The anthropogenic footprint on ecosystems and biodiversity is more notable now 
than at any other point in history. On a changing planet, the impacts of biodiversity loss 
must be carefully considered. Of particular interest are organisms that provide one or 
more ecosystem services, which are defined as any service that benefits human society 
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and supports well-being (Chan, Shaw, Cameron, Underwood, & Daily, 2006; Millennium 
Ecosystem Assessment, 2005). The Millennium Ecosystem Assessment (MA) provides a 
general framework for classifying the various forms of ecosystem services provided by 
organisms these are: 1) provisioning services: goods provided directly by an organism 
that directly influence human well-being; 2) regulating services: services that regulate 
ecosystem processes, or the intrinsic ecosystem characteristics whereby an ecosystem 
maintains its integrity; 3) supporting services: services required to maintain the other 
forms of ecosystem services which include ecosystem functions; and 4) cultural services: 
non-material benefits obtained from ecosystems. The concept of "human well-being" is 
simplified by categorizing it into five main components (even though more do exist and 
are likely influenced by ecosystem services provided by organisms): 1) having the basic 
material needs for a good life; 2) health; 3) having good social relations; 4) security; and 
5) freedom of choice and action (Millennium Ecosystem Assessment, 2005). In this 
review I show that ants provide multiple ecosystem services that can be placed within 
each of the categories of the MA framework but also deliver important and costly 
disservices that may detract from the services they do provide. 
Ants are the most diverse group of social insects: more than 12,500 species have 
been formally described, and there may be as many as another 12,500 unknown species 
(Bolton, Alpert, Ward, & Naskrecki, 2007; Ward, 2010). Current phylogenetic analyses 
group ants into 21 extant subfamilies and estimate that ants originated in the Cretaceous, 
approximately 120 million years ago. Since their origin, ants have occupied almost every 
continent and have become a dominant taxon of the terrestrial arthropod fauna. Species 
discovery and an improved understanding of phylogenetic relationships of ants will 
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continue to expand our understanding of their true diversity. Ants are also extremely 
abundant in most terrestrial ecosystems and can account for large percentages of the total 
animal biomass in many environments (Hölldobler & Wilson, 1990; E O Wilson, 1987). 
Of the thousands of known species only a handful have been extensively studied beyond 
their taxonomy, (frequently in the context of "disservices" of pest and invasive species) 
and so our understanding of the major ecosystem services provided by ants is still very 
limited. That said, myrmecological research on ecosystem services mediated by ants has 
increased over the past twenty years (Figure 1), but further species discoveries can 
potentially uncover even more ant-mediated services that are currently unknown to us. 
 
Figure 1 Number of publications on ant-mediated ecosystem services categorized into the 
four MA Ecosystem Service categories;  
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Figure 2 Number of publications on ant-mediated ecosystem subdivided by keyword 
searches. 
 
Even before the MA, ants were recognized as having major ecological roles in 
most terrestrial ecosystems (including mediating ecosystem functions, reviewed by 
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Folgarait (1998)). Additional reviews since then have also synthesized the knowledge of 
the influence of ant-mediated ecosystem functions and services for different 
environmental and ecological scenarios (e.g., habitat fragmentation, (Crist, 2009), and 
use of ants as indicators of environmental change (Alan N. Andersen & Majer, 2004; 
Ellison, 2012)). I use the MA as a framework to expand and facilitate our understanding 
of the important roles that ants play in terrestrial ecosystems. Many of the examples 
presented here are of studies conducted at local or regional scales, and should not be 
considered the general rules for all ant communities globally. 
In this review I synthesize how ant biodiversity influences ecosystem services and 
functions and how this line of research has developed in the 13 years since the last major 
review of this topic (Folgarait, 1998); I note that many of the topics discussed herein 
merit their own exhaustive analysis (and some have been recently reviewed). I also show 
that ant biodiversity plays an important role in all four categories of ecosystem services 
defined in the MA. I emphasize the role of ants in soil processes and seed dispersal, two 
areas for which there is a growing body of literature linking ants, ecosystem services and 
ecosystem functions. I further expand our review by addressing some of the major 
ecosystem "disservices" that are associated with ants. I conclude by highlighting research 
needs that may advance our understanding of ant-mediated ecosystem services and 
functions.  
 
Ant biodiversity and provisioning, regulating and cultural ecosystem services 
Provisioning services 
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Provisioning services are goods or services provided by organisms that directly improve 
human well-being; examples include the provisioning of food, timber, and fiber 
(Millennium Ecosystem Assessment, 2005). Here I describe two ways in which ants 
provide a product or service which directly promotes human well-being by providing 
material goods, and sustaining health and security: i) the use of ants as food resources, 
and ii) the use of ants in medical and pharmaceutical applications.  
Entomophagy, or the use of insects as food, is a provisioning ecosystem service 
frequently overlooked, most likely due to the taboo in many western cultures on the 
traditional practices of having insects as potential sources of protein and other essential 
nutrients in various regions of the world (G R DeFoliart, 1999). Due to their abundance 
and global distribution, ants are frequently consumed as part of traditional dishes in 
multiple cultures, especially in tropical and subtropical countries (Babu, Pandey, & 
Srivastava, 2009). In North America, larvae of Liometopum apiculatum, are increasingly 
being consumed as a delicacy, but are also a significant protein source (approximately 
58% of their mass is protein) (Conconi  de. & Rodríguez, 1977; Ramos Elorduy, Pino, & 
Correa, 1998). Recent work has considered the potential for management and harvesting 
of this valuable resource in northern Mexico (Esparza-Frausto, Jimenez-Guevara, & 
Martinez-Salvador, 2008). In Central and South America, reproductive females of the 
genus Atta are consumed by indigenous populations (Gene R. DeFoliart, 1997) and are 
considered a valuable source of protein and minerals(Araujo & Beserra, 2007; Dufour, 
1987; Ruddle, 1973). In Africa and Southeast Asia, workers and larvae of the genera 
Oecophylla and Polyrhachis are rich in protein, lipids, and carbohydrates (Crozier, 
Newey, Schluns, & Robson, 2010; Raksakantong, Meeso, Kubola, & Siriamornpun, 
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2010). The provisioning of food from ants and other insects, while important, is still 
underreported for many countries(Gene R. DeFoliart, 1997), and further exploration of 
nutritional value of ants and the possibility of using ants in a sustainable manner which 
contributes to society is necessary. 
Ants are also providers of biomedical services arising from biotechnological 
developments and pharmaceutical products. Recent developments of treatments for the 
potentially deadly anaphylactic reactions that sometimes result from ant stings ironically 
are derived from the ant venom itself, a treatment known as immunotherapy, in which the 
patient’s immune response is enhanced by small dosage exposure to the ant venom. This 
has been particularly well explored and experimentally tested with Solenopsis invicta, in 
the U.S.A. and Myrmecia pilosula, in Australia (S. G. A. Brown et al., 2004; S. G. 
Brown, Wiese, Blackman, & Heddle, 2003; Duplantier, Freeman, Bahna, Good, & Sher, 
1998). Although initial results are encouraging (with patients showing increased 
resistance to anaphylactic reactions), the authors suggested that further exploration of ant 
venom immunotherapy is required before widespread application. A recent synthesis of 
the applications of many insects, including ants, in pharmaceutical biochemical 
exploration highlights the important chemical properties of various ant species’ venoms 
and their potential for pharmacological development (Dossey, 2010). Finally, products 
like the fine silk produced by the weaver ant Oecophylla smaragdina larvae are being 
considered as nanofibers to be used in pharmaceutical and biotechnological development 
(Reddy, Xu, & Yang, 2011).  
 
Regulating services 
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Regulating services (along with cultural and supporting services discussed in 
subsequent sections) are often harder to recognize and quantify, because direct links from 
them to human well-being are not as obvious as they are for provisioning services. 
However, regulating and supporting services are necessary to maintain life on Earth, and 
in some cases promote provisioning services (Millennium Ecosystem Assessment, 2005). 
Here I explore some of the published literature on four regulating services that ants are 
often associated with: seed dispersal, pollination, regulation of animal community 
structure, and the use of ants as biological control agents. These four examples of 
regulating services are frequently mentioned in the ant literature but rarely considered as 
valuable ecosystem services that are essential for maintaining much of the plant and 
animal biodiversity across terrestrial ecosystems.  
Seed dispersal in ants is well documented and is the most widely studied 
regulating ecosystem service provided by ants. In our literature review I encountered 
approximately 350 publications, the earliest from the 1970s, that either documented or 
examined ant-mediated seed dispersal or myrmecochory (Fig.2). Myrmecochory is the 
result of a co-evolutionary, mutualistic relationship in which the seed provides ants with a 
lipid-rich nutritional resource, called an elaiosome, in return for which the ant collects 
and disperses the seed (Beattie, 1985; Giladi, 2006). This relationship has been 
documented for at least 11,000 plant species, is a geographically widespread 
phenomenon, and is hypothesized to have evolved multiple times (Beattie, 1985; 
Lengyel, Gove, Latimer, Majer, & Dunn, 2010; Westoby, FRENCH, HUGHES, Rice, & 
Rodegerson, 1991). The large number of myrmechochorous plant species and the 
multiple evolutionary origins of this mutualism suggest that this trait is important in the 
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maintenance of global plant biodiversity. Thus, it meets the definition of a regulating 
service mediated by ants. Myrmecochory has evolved in every continent where ants 
occur but is most evident in eastern North America, southern Europe and most of 
Australia (Lengyel et al., 2010), which suggests that it may have more of an influence on 
community structure in temperate latitudes. In fact, ants disperse 40% of all herbaceous 
plants in some temperate woodlands (Beattie, 1985). 
 I completed a meta-analysis to quantify the relative contribution of ants and 
rodents (another major seed disperser) as seed dispersers across broad geographic scales 
(tropics, mid-latitudes, and temperate ecosystems). On January 5, 2012, I searched Web 
of Science for publications using the following search terms: "Ants" AND "Rodents" 
AND "Seed Dispersal" OR "Myrmecochory" AND "Experiment". This search resulted in 
111 citations which met the search criteria, but I selected only publications which had 
completed experiments using exclosures of both ants and rodents and that quantified 
which seed disperser had the greatest impact. In all the selected studies I used the 
percentage of seeds moved throughout the duration of the experiment as the response 
variable. This narrowed the total number of studies to ten but, note that several of the 
studies analyzed seeds from multiple plant species or had additional experimental 
treatments. I treated each plant species as the unit of replication and so our final number 
of plant species considered in the meta-analysis was 29.  
I calculated the effect size of ants and rodents on seed movement as the log-
response ratio (ln R) following the methods used in Rodriguez-Cabal et al (Rodriguez-
Cabal, Barrios-Garcia, & Simberloff, 2009). A negative effect size indicates that rodents 
moved a greater percentage of seeds than ants, and a positive response indicates that ants 
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moved a greater percentage of seeds than rodents. Our meta-analysis used a random-
effects model and calculated the effect size and 95% confidence interval for ants and 
rodents using MetaWin 2 (Rosenberg, Adams, & Gurevitch, 2000). Our meta-analysis 
results suggest that globally, rodents tend to have a greater impact on seed movement 
than ants (Fig. 2). This is also true for tropical and mid-latitude (typically arid and semi-
arid) biogeographic zones. In contrast, ants have a greater impact than rodents on seed 
movement in temperate forests, supporting the notion that ants may be important seed 
dispersers in temperate ecosystems (Beattie, 1985; Lengyel et al., 2010). I used "seed 
removal" as a metric of seed dispersal, but this metric will be improved as more studies 
with standardized data on seed viability become available. Seed viability may be more 
informative of the impact of seed dispersers on eventual plant community composition 
and some studies suggest that, at least for myrmechochorous plants, seeds dispersed by 
ants tend to be more viable than seeds consumed by rodent predators (Christian & 
Stanton, 2004). I used this meta-analytic approach as an example of how to quantify the 
impacts of ants on major ecosystem services across broad geographic scales.  
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Figure 3 Standard effect sizes of percentage of seeds moved by ants versus rodents during 
various experiments globally and across three global biogeographic regions. Solid 
horizontal lines indicate the upper and lower bounds of the 95% confidence intervals 
about the mean standard effect sizes. Total Global n = 29; Tropics n = 6, Mid-Latitudes n 
= 13, Temperate Forests n = 10. A negative effect size indicates that rodents moved a 
greater percentage of seeds than ants, and a positive response indicates that ants moved a 
greater percentage of seeds than rodents. 
 
Pollination mediated by ants can occur under certain ecological and evolutionary 
situations(Rostás & Tautz, 2011) and be considered necessary for the maintenance of 
plant community structure. However, pollination by ants usually is treated as unimportant 
because ants are frequently thought to be ineffective pollinators (e.g., metapleural gland 
secretions can adversely impact Brassica and Acacia pollen) and even more frequently 
are viewed as nectar thieves (Galen & Butchart, 2003). Even though the frequency of 
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occurrence of plant pollination is much lower than seed dispersal by ants, it could still be 
considered a valuable ecosystem service. Many of the reported cases of successful ant 
pollination occur in the family Orchidaceae. For example, Myrmecia urens males are 
attracted and attempt to mate with the orchid Leporella fimbriata, resulting in 
crosspollination of multiple orchids as the male ant visits multiple flowers (Peakall, 
1989). These interactions are poorly studied, and experimental tests to evaluate the 
efficiency of ant facilitated pollination are limited (Rostás & Tautz, 2011). Ants could 
potentially be effective pollinators of flowering plants that occur in high local densities, 
produce little nectar, and have flowers easily accessible to ants  (Hickman, 1974; Rostás 
& Tautz, 2011), a topic that requires further experimentation.  
Ants also can regulate the community structure of both ants and other animals. 
Behaviorally and ecologically dominant ant species have a strong influence on ant 
community structure mostly due to interference competition and competitive exclusion 
(A. N. Andersen & Patel, 1994; Parr, 2008). Meat ants (Iridiomyrmex species) are 
dominant ants in many of Australia’s ecosystems. In a series of exclosure experiments, 
meat ant exclusion resulted in increased abundances of other, behaviorally subdominant, 
ant species (A. N. Andersen & Patel, 1994). Additionally, the presence of competitively 
dominant ant species can decrease the abundances of co-occurring predatory spiders 
(Halaj, Ross, & Moldenke, 1997). Ants are also highly efficient and mobile predators of 
other invertebrate taxa, leading to top-down regulation effect of invertebrate communities 
(Kaspari, Powell, Lattke, & O’Donnell, 2011). In temperate regions of Europe, the wood 
ant Formica rufa has been documented to decrease abundances and species richness of 
carabid beetles, and could be better predictors of ground beetle abundances than 
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vegetation cover (Hawes, Stewart, & Evans, 2002).In the tropics, massive and aggressive 
colonies of army ants (particularly those in the genera Eciton and Labidus) can influence 
the abundance of other invertebrates that play important roles in other ecosystem services 
(Kaspari et al., 2011). Finally, the influence of army ants expands beyond their impact on 
invertebrate communities to avian ones. Ant-birds have evolved behavioral traits that 
involve tracking army ant colonies as they move through the forest floor and capitalize on 
the vulnerable invertebrates driven out by the raiding ants, generally benefiting the bird 
community (Willson, 2004; Wrege, Wikelski, Mandel, Rassweiler, & Couzin, 2005). In 
cases where army ants have been extirpated, frequently as a result of habitat loss or 
fragmentation, ant-bird communities have also suffered, suggesting that army ants are 
essential in structuring tropical avian communities of ant-birds (Harper, 1989).  
The use of ants as biological control agents is a growing topic of research and has 
been discussed in the literature since the 1950s (M. J. Way, 1953) (Figure 2). Predatory 
and territorial ant species are used for management and control of pest species and 
diseases in various agroecosystems (see reviews by (Philpott & Armbrecht, 2006; M J 
Way & Khoo, 1992)). Weaver ants are commonly used in biological control of pests of 
fruits, nuts and timber resources of Asia, Africa and Australia (reviewed in (P Van Mele, 
2008)). The African ant Myrmicaria opaciventris has predatory life history traits that may 
be beneficial in controlling pest termite population in sugar cane plantations (Kenne, 
Schatz, Durand, & Dejean, 2000), but further research should consider it as a viable 
candidate biological control agent of termites. In Vietnam, Dolichoderus thoracicus  is an 
effective biological control agent of various pests of sapodilla (Manilkara zapota), an 
important economic crop, and presence of D. thoracicus has been accepted by many of 
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the farmers surveyed (Paul Van Mele & Cuc, 2001). In some cases, even non-native, 
invasive ants like Solenopsis invicta control pest populations in cotton and sugarcane 
agroecosystems (Reagan, 1986). In agroecosystems worldwide maintenance of predatory 
ant diversity improves agricultural practices by controlling pest and fungal outbreaks; 
therefore ants’ roles as biological control agents provide multiple ecosystem services 
(Philpott & Armbrecht, 2006). 
 
Cultural services  
Cultural services are essential to human well-being by stimulating cultural and 
spiritual identity but they can be difficult to understand and quantify (Millennium 
Ecosystem Assessment, 2005). Ants provide cultural services to various communities 
across the world (Sleigh, 2004). One of the oldest and best documented uses of ants in 
symbology, culture, and myth is characterized in Homer’s Iliad, in which there is a 
description of a unique legion of men called the "Myrmedons" or "Ant People". The 
Myrmedons were an elite group of warriors, said to have been created from ants by Zeus 
on Aegina. Perhaps their most notable mention is in the battle of Troy, where the 
Myrmedons were commanded by Achilles into battle (Sears, 2010). Additionally, ants are 
mentioned in several cultural and spiritual texts (e.g., The Talmud, The Bible, and The 
Quran). Ants are also mentioned in some well-known contemporary works of literature 
(e.g., "Walden" by (Thoreau, 1854), "Empire of the ants" by (Wells, 1905), "Leiningen 
versus the ants" by (Stephenson, 1938), and "Anthill" by (Edward O. Wilson, 2010)), and 
if we consider literature to be an important component in structuring cultural 
development, I argue that ants too, are part of this cultural service.  
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Perhaps a more direct link between ants and cultural traditions and spiritual rituals 
comes from the use of bullet ants, Paraponera clavata, in the ceremonial use of several 
New World indigenous tribes. The ceremony frequently referred to as the "Tucandeira" is 
a traditional rite of passage of young boys into manhood and involves the stinging by 
several bullet ants as ceremonial dances and prayers are completed (Botelho & Weigel, 
2011; Liebrecht, 1886). Other Native American cultures also attached value to ants in 
social and spiritual rituals and art (Capinera, 1993; Cherry, 1993). In Western cultures, 
ants have also become a topic of interest; their influence can be seen in the film industry 
with at least six major films using ants as the focal point of the plot (e.g., Them! 1954, 
Warner Brothers, Naked Jungle 1954, Paramount Pictures, Phase IV 1974, Paramount 
Pictures, Empire of the Ants 1977, Cinema 77, Ants: It happened at Lakewood Manor 
1977, Alan Landsburg Productions, Antz 1998, Dreamworks SKG; (Marino-Perez, 
2006)). In an exhaustive review, Sleigh (2004) explored the influence ants have on 
humanity and the important role that ants play in influencing cultural and scientific 
development. 
 
Ant biodiversity and supporting ecosystem services and ecosystem function 
Ants provide a variety of supporting services that support regulating, 
provisioning, and cultural ecosystem services. Examples of ant-mediated supporting 
services include common ecosystem processes such as nutrient cycling, formation of soil 
structure, decomposition, provisioning of habitat, carbon flux, and the use of ants as 
biological indicators of environmental change. Some of these services have received 
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attention in the scientific literature, but the mechanistic or functional roles of ants in these 
services are not well understood.  
 
Ants act as ecosystem engineers, and influence ecosystem structure and function 
through processes that provide habitat for other species or modulate other ecosystem 
functions (Jan Frouz & Jilková, 2008; Lavelle et al., 1997). Ants create habitat for other 
organisms by increasing nutrients in a localized area around ant nests, facilitating a more 
favorable growing environment for plant species (D Wagner & Jones, 2004; Diane 
Wagner, Brown, & Gordon, 1997). Ants influence the trajectory of succession of 
ecosystems and alter vegetation cover types via changes in soil chemistry. For example, 
Valsakova et al. (2009) found that the soil around Lasius flavus anthills in Slovakian 
grasslands was more productive and resulted in spruce seedlings germinating at a higher 
rate compared with surrounding soils. The presence of ants in these grasslands led to an 
acceleration of succession away from grassland vegetation to a spruce forest by 
increasing the abundance of spruce seedlings (Vlasáková & Raabová, 2009). Ants can 
also directly influence plant community structure or successional trajectories by 
manipulating the seed bank via preferential seed dispersal of myrmecochorous plant 
species (see also Regulating services section, along with  (M. J. F. Brown & Human, 
1997; Rey & Manzaneda, 2007; Servigne & Detrain, 2010; Zelikova, Sanders, & Dunn, 
2011). In an experiment conducted in a semiarid live oak savannah, Pogonomyrmex 
barbatus ant nests served as the chief seed source and refugia for grass species 
recolonizing following a five-year drought that exhausted the seed bank, with effects 
ranging up to 30 m from the nest (Nicolai, Feagin, & Smeins, 2010).   
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Nutrient cycling 
Ants create nutrient rich oases around nests, which are more productive than 
surrounding points in the same environment (Lavelle et al., 2006). This is the result of 
ants adding organic matter to their nests (frequently used to support their nest structures) 
that also influences nutrient retention via organic inputs (Jouquet, Dauber, Lagerlöf, 
Lavelle, & Lepage, 2006; Lavelle et al., 1997). The presence of ant nests can 
significantly alter nutrient concentrations and nutrient cycling dynamics relative to 
surrounding soils (D Wagner & Jones, 2004; Diane Wagner & Jones, 2006).  
A variety of ant mutualisms exist between ants and plants, fungi, or other 
organisms that enhance nutrient cycling (Currie, Mueller, & Malloch, 1999; Defossez, 
Djiéto-Lordon, McKey, Selosse, & Blatrix, 2011; U G Mueller, Schultz, Currie, Adams, 
& Malloch, 2001; Ulrich G Mueller et al., 2011; Ohgushi, 2008; Stardling & Whitford, 
1978; D Wagner & Nicklen, 2010). Fungal-ant associations have been well documented 
between Attines and fungal communities (Currie et al., 1999; U G Mueller et al., 2001; 
Quinlan & Cherrett, 1979; E O Wilson, 1980) as well as symbiotic mutualisms between 
various ant species and plant domatia (Defossez et al., 2011). In their study of the ant 
Petalomyrmex phylax and a plant mutualist Leonardoxa africana, Defossez et al. 
(Defossez et al., 2011) traced enriched forms of carbon and nitrogen originating from ant 
food sources throughout the plant and fungal associates. In the isotope pulse-chase 
experiment, they observed that ants transferred nitrogen to host plants as quickly as four 
days after the ants were given N-enriched foods. Furthermore, this enriched nitrogen 
remained in parts of the plant and fungal associates for almost two years after the initial 
experiment.  
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Nest soil chemistry can differ significantly from surrounding environments (Véle, Frouz, 
Holuša, & Kalčík, 2010) because of alterations in nutrient concentrations and soil pH, 
which ants tend to shift towards neutral values (Jan Frouz & Jilková, 2008). For example, 
some ant nests contain greater concentrations of several macronutrients like phosphorus 
(J Frouz, Santruckova, & Kalcik, 1997; Kilpeläinen et al., 2007; Diane Wagner et al., 
1997; Diane Wagner & Jones, 2006). Two examples of the impact of macronutrients on 
ant colonies include the various studies on Pogonomyrmex rugosus (D Wagner & Jones, 
2004; Diane Wagner et al., 1997; Diane Wagner & Jones, 2006). WAGNER & NICKLEN 
(D Wagner & Nicklen, 2010) hypothesized that extrafloral nectaries produced by plants 
enhance plant nutrition because ant activities altered soil nutrients, and significantly 
influenced vegetation growth. 
 
Carbon cycling 
Ant nests produce trace amounts of greenhouse gases including methane (Bender 
& Wood, 2003; Golichenkov, Neimatov, & Kiryushin, 2009), and the presence of ant 
nests can lead to increased soil respiration compared with surrounding soil (ants increase 
carbon / soil respiration) (Jurgensen et al., 2008; Mizue Ohashi et al., 2007; Mizue 
Ohashi, Finér, Domisch, Risch, & Jurgensen, 2005; Peakin & Josens, 1978; Anita C 
Risch et al., 2005). In a recent experiment, I documented soil respiration in soils with and 
without Formica subsericea nests and found that this species may indirectly increase soil 
respiration rates over the growing season compared with soils without ants (I. Del Toro, 
unpubl.). Red wood ants in boreal forests can alter the composition of forest floor 
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vegetation and have large influences on belowground properties and processes including 
altered decomposition rates, microbial biomass and activity, and carbon and nitrogen loss 
from the environment (Wardle, Hyodo, Bardgett, Yeates, & Nilsson, 2011). A wide body 
of research exists on the impact of European Formica rufa-group ants on soil carbon 
dynamics (Domisch et al., 2006; Jurgensen et al., 2008; Kilpeläinen et al., 2007; Mizue 
Ohashi et al., 2007, 2005; Anita C Risch et al., 2005). These studies suggest that ant nests 
produce more carbon than surrounding environments. Although studies have only 
examined these patterns at local scales, future research should study them at regional and 
landscape scales, to better understand how carbon and other nutrient dynamics change 
across large spatial scales and entire species ranges.  
 
Soil formation, structure, and nutrient retention 
Ants play important roles in shaping soil physical properties, such as soil structure 
and porosity, through construction and maintenance of nests, accumulation of organic 
matter, and interactions with other soil fauna. The effects of ants on soils were recently 
reviewed with an emphasis on the changes in physical properties associated with ant 
presence (Jan Frouz & Jilková, 2008). Ant activities lead to increased soil aggregate 
formation and increased soil porosity (Lavelle et al., 2006). These activities have 
localized influences on the hydrology of an area, and depending on nest density, can have 
larger-scale influences on ecosystem hydrology (A C Risch & Jurgensen, 2008). 
Decreases in soil compaction and increases in porosity can lead to increased soil water 
retention, healthier plant root growth, and enhanced primary productivity. Ants alter 
microclimates within and around nests, modifying the environment of other organisms 
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including myrmecophiles that live inside the nests. Thus, ants and ant activities (e.g., nest 
construction) could lead to more productive soils based on changes in physical soil 
properties.  
 
Decomposition 
Decomposition is a key process that connects aboveground inputs with 
belowground activities (Megías, Sánchez-Piñero, & Hódar, 2011). Ants play important 
roles in nutrient cycling via decomposition in many environments (Domisch, Finer, & 
Jurgensen, 2005; Ginzburg, Whitford, & Steinberger, 2008; Hunter, Adl, Pringle, & 
Coleman, 2003; Kristiansen & Amelung, 2001; McIntyre, Rango, Fagan, & Faeth, 2001; 
Paris et al., 2008; Shik & Kaspari, 2010; Diane Wagner & Jones, 2006; Whitford, 
Barness, & Steinberger, 2008; Zelikova et al., 2011). Ants alter decomposition via direct 
pathways (such as the removal of vegetation by attines for fungal gardens) and indirect 
pathways (such as altering microbial community composition, which can controls 
decomposition rate). Vegetation type influences ant-mediated decomposition, as plants 
with higher lignin content are harder to decompose, and ants can preferentially select 
more palatable vegetation (Silva & Vasconcelos, 2011). Vegetation richness may also 
influence the diversity and abundance of ant decomposers in some environments (Donoso 
& Johnston, 2010). Many ant species are limited by access to nutrients such as 
phosphorous and nitrogen, which in turn limits decomposition rates (Milton & Kaspari, 
2007). A variety of ant exclusion experiments have been established (Ellison, Barker-
Plotkin, Foster, & Orwig, 2010; Piñol, Espadaler, & Cañellas, 2012; Piovia-Scott, Spiller, 
& Schoener, 2011; Romeu-Dalmau, Espadaler, & Piñol, 2010), and some have shown 
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that the removal of ants from environments increase decomposition rates (Wardle et al., 
2011). 
 
Ecosystem structure and function 
Ants may influence soil nutrient concentrations by changing germination rates of 
some vegetation (Rey & Manzaneda, 2007) and altering composition of soil-dwelling 
animals within ant nests (Boulton & Amberman, 2006) and within larger food webs. 
Sanders and Van Veen (2011) found that ant presence directly shapes grassland 
communities through altering the densities of decomposers, herbivores and higher trophic 
levels. They determined this relationship to be dependent on increased nest density which 
led to greater predation on decomposers. 
 
Bioindicators 
Since ants are so responsive to environmental change, it is no surprise that ants are often 
used as biological indicators. The use of ants as indicators of environmental change is the 
most heavily documented example of a supporting service provided by ants, with at least 
65 articles published on the topic and most published during the last decade (Figure 2). 
These studies frequently highlight the usefulness of ants in evaluating remediation efforts 
and disturbance intensities of mining and smelting activities, and the bioaccumulation of 
toxins and pollutants across multiple linked trophic levels (Alan N. Andersen & Majer, 
2004; I. Del Toro, Floyd, Gardea-Torresdey, & Borrok, 2010; Majer, Orabi, & Bisevac, 
2007). Ants can also be used to evaluate the impact of natural disturbance events like fire 
(Parr, Robertson, Biggs, & Chown, 2004) and changes in temperature associated with 
 23 
 
climate change (Pelini et al., 2011). Additionally the use of ants in evaluating the impacts 
of habitat fragmentation on community composition is a useful tool in landscape 
management and restoration (Crist, 2009). The growing body of literature that uses ants 
as bioindicators of environmental change suggests that this is an ecosystem service with 
multiple benefits for environmental monitoring and management.
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Table 1 Key examples and major reviews of ecosystem services provided or mediated by ants. Note that the studies presented in this 
table are only a minor subset of the literature available for each example. * indicate review articles on the given example (table 
continued onto next few pages) 
Service Example Direct/Indirect 
Benefit 
References 
Provisioning Services    
Food  Direct  
 Liometopum apiculatum larvae consumed in 
Mexico and Western United States 
Direct RAMOS ELORDUY (1977) 
 Allates of Atta species consumed in Central 
and South America  
Direct DEFOLIART (1997, 1999) 
 Larvae of Oecophylla species consumed in 
southeast Asia  
Direct SRIBANDIT & al. (2008), 
RAKSAKANTONG & al.( 2010) 
Biomedical/Pharmaceut
ical  
 Direct  
 Venoms of Solenopsis invicta and Myrmecia 
pilosula  used in immunotherapy treatment 
against anaphylaxis  
Direct DUPLANTIER & al. (1998), BROWN & al. 
(2003), BROWN & al. (2004) 
 Nanofibers from Oecophylla silk used as in Direct REDDY & al. (2011) 
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biomedical technology development 
    
Regulating Services    
Seed Dispersal Geographically widespread, and evolved 
multiple times in as many as 11,000 plant 
species 
Indirect LENGYEL & al. (2010) 
Pollination  Indirect  
  Pollination via pseudocopulation of Orchids   PEAKALL (1989) 
 May be important pollinators of plants which 
occur in high local densities, produce little 
nectar, and have flowers easily accessible to 
ants.  
 ROSTÁS & TAUTZ (2011) * 
Animal Community 
Regulation 
 Indirect  
 Regulation of ant community structure by 
behaviorally dominant ants  
 ANDERSEN & PATEL (1994) 
 Regulation of invertebrate community 
structure by army ant species 
 KASPARI & al. (2011) 
 Influence of Avian community structure by 
army ants  
 HARPER (1989) 
Biological Control  Direct  
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 Use of ants to regulate pest populations in 
Coffee and Cacao Agroecosystems 
Direct PHILPOTT & ARMBRECHT (2006) * 
 Use of Oecophylla species to regulate pests in 
nuts, fruit and timber in Old World and 
Australian tropics 
Direct VAN MELE (2008) 
 Use of Dolichoderus thoracicus in pest 
regulation in Sapodilla production 
Direct VAN MELE & CUC (2001) 
Cultural Services    
Ancient 
Religion/Symbology 
Various Examples from religious texts Indirect SLEIGH (2004)*  
Literature Various examples for classical and 
contemporary literature  
Indirect SLEIGH (2004)*  
New World Traditions Paraponera clavata used in Tucandeira 
practices of several South American 
indigenous peoples  
Direct BOTELHO & WEIGEL (2011) 
Western Culture  Various examples from film industry  Indirect SLEIGH (2004)*, MARIÑO-PÉREZ 
(2006)* 
    
Supporting Services    
Nutrient Cycling  Indirect  
 Nest soil pH is moderated by ant activities Indirect LAVELLE & al. (2006) 
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 Ants enrich soil around nest with Nitrogen  Indirect WAGNER & JONES (2006) 
 Ants track nutrients like Sodium Indirect KASPARI & al. (2010) 
Soil Movement  Indiret  
 Soil movement due to nest and gallery 
construction increases soil porosity 
Indirect FROUZ & JILKOVA (2008) 
Decomposition   Indirect  
 Camponotus punctulatus  nests regulate soil 
organisms and decomposition 
Indirect PARIS & al. (2008) 
 Ant nests promote microbes which lead to 
enhanced decomposition 
Indirect KASPARI & YANOVIAK (2009) 
 Messor spp. Ant nests enhance soil nutrients 
via increased microbial biomass 
Indirect GINZBURG & al. (2008) 
Ecosystem Engineering  Indirect  
 Lasius flavus nests increase soil nutrients and 
faciliate plant succession 
Indirect VLASAKOVA & al. 2009 
 Nest soil chemistry is enhanced compared 
with surrounding soils due to ant presence 
Indirect VELE & al. (2010) 
Carbon Cycling  Indirect  
 Formica rufa nests are net producers of 
carbon compared with soils without nests 
Indirect Risch & al. (2005) 
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Biological Indicators   Direct  
 Use of ants in estimating the environmental 
impacts on biodiversity from mining   
Direct ANDERSEN & MAJER (2004)* 
 Use of ants in measurement of bioaccumulated 
heavy metals resulting from Copper smelting 
Direct DEL TORO & al. (2010) 
 Use of ants to estimate impacts on biodiversity 
from natural fire disturbances  
Direct PARR & al. (2004) 
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Linking ant-mediated ecosystem processes and services 
Though the structure of this review follows the MA categorization of ecosystem 
services, MACE & al. (2012) developed a conceptual framework that builds on the MA 
and distinguishes between ecosystem processes and services and their consequent 
benefits for people. For example, ecosystem processes like trophic and competitive 
interactions result in the regulation of plant and animal communities (an ecosystem 
service) and ultimately influence the maintenance of biodiversity and stable ecosystems 
(a good valued by people). One area that remains unexplored, however, is the 
quantification of the resulting goods of ant-mediated services and processes.  
Here I implement the framework developed by Mace et al. (2012) for a subset of 
ant species that play important roles in ecosystem processes and ecosystem services and 
provide beneficial products and goods to people (Fig. 4). Some of these include: leaf-
cutter ants (Fig. 4A), which move vast amounts of soil, decompose organic matter, and 
influence nutrient cycling; harvester ants (Fig. 4B), important seed dispersers and an 
indicator species; and weaver ants (Fig. 4C), which provide food for people, and help 
maintain healthy ecosystems and manage agricultural pests.  
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Figure 4 Concept map linking ecosystem processes and services to the products and 
goods valued by people. Modeled from MACE & al. (2012) to include examples of ant-
mediated ecosystem processes and services. (A) Leaf-cutter Ant nest mound; (B) 
harvester ant transporting grass seed; (C) weaver ants attacking a grasshopper. Photo 
Credits: Alexander Wild <myrmecos.net> 
Ant-mediated ecosystem disservices 
Most ant-mediated disservices arise when ants live in close proximity to humans, 
when ants are introduced into new areas (and become invasive), or when new 
interactions, such as those involving invasive plants, are formed with native ants. A 
disproportionate number of disservices involve invasive ant species. Because ant 
introductions are, in many cases, facilitated by humans, invasive ant species are often 
found in human-dominated landscapes but their adverse effects span urban, agricultural, 
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and "natural" settings. Once introduced into new areas, ants’ successes as invaders are 
attributed to their ability to spread rapidly and because they are efficient breeders, 
competitors, and predators (Chapman & Bourke, 2001). Five out of the fourteen insect 
species listed as the worst alien species in the IUCN Global Invasive Species Database 
and Early Warning System are ants (Chapman & Bourke, 2001; ISSG, 2012). 
Ants have a variety of perceived negative impacts on human well-being. The 
invasive fire ant, Solenopsis invicta, is referred to as "Public Enemy Number One" in the 
southern US because it frequently colonizes electrical equipment and other urban settings 
and has adverse effects on livestock, wildlife, and recreation activities (Myers, Savoie, & 
van Randen, 1998), damages that incur $1 billion annually in the U.S. (Pimentel, Zuniga, 
& Morrison, 2005). Invasive (e.g., Monomorium pharaonis (LINNAEUS, 1758)) and native 
ants (e.g., Camponotus spp.) alike also can be nuisance pests when they enter homes or 
businesses, commandeer food, or cause structural damage (Klotz, Mangold, Vail, Davis, 
& Patterson, 1995; James K Wetterer, 2010). In some areas ants dominate commercial 
pest control complaints, and the insecticides used to treat those ants can have toxic effects 
when they leech into local aquatic systems (Greenberg et al., 2010). Ant baits purchased 
by homeowners sometimes contain arsenic trioxide, a chemical that is toxic when 
accidentally consumed by people (Yarris et al., 2008). 
Ant stings also have negative impacts on human health. While stings of native ant 
species, e.g., the Jack-jumper ant (Myrmecia pilosula) in Australia, can cause 
anaphylactic reactions in humans (S. G. A. Brown et al., 2004; S. G. Brown et al., 2003), 
stings of Solenopsis invicta are expected by health professionals to cause more frequent 
anaphylactic reactions in humans because of their unusual venom and ability to establish 
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large, aggressive supercolonies in human-dominated areas (Solley, Vanderwoude, & 
Knight, 2002). Other invasive ants, such as Pachycondyla chinensis are public health 
concerns because of their stings (Nelder, Paysen, Zungoli, & Benson, 2006), and stings of 
Wasmannia auropunctata, an invasive ant species in the tropics, can cause blindness in 
mammals (J K Wetterer & Porter, 2003). Monomorium pharaonis, because of its small 
size and habit of colonizing urban environments, disturbs equipment and patients, thereby 
spreading disease in hospitals (Klotz et al., 1995). 
In addition to directly affecting humans, invasive ants impact native fauna via 
competition with, and predation of, native ants and other taxa in their introduced ranges. 
Invasive ants have driven compositional changes in native ant assemblages in a variety of 
ecosystems (Guénard & Dunn, 2010; Holway, Lach, Suarez, Tsutsui, & Case, 2002). 
Invasions by Solenopsis invicta and Linepithema humile  are linked to declines in other 
arthropods, birds, reptiles, amphibians, and mammals (Kenis et al., 2009; James K 
Wetterer, Wild, Suarez, Roura- Pascual, & Espadaler, 2009). Invasive ants also cause 
damage to agricultural crops and other plants through herbivory and excavation around 
roots (Holway et al., 2002). Invasive ants can be beneficial to growers because they do 
prey on agricultural herbivore pests, and also are negatively associated with other natural 
enemies of those pests (Eubanks, 2001).  
The changes in native fauna driven by ant invasions can have cascading 
consequences on plants and the ecosystem services they provide. For example, in New 
Caledonia, the invasive ant Wasmannia auropunctata is threatening populations of 
geckos that pollinate and disperse several plant species (Traveset & Richardson, 2006). 
Displacement of native ants by the Argentine ant, Linepithema humile, led to the 
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disruption of seed dispersal, primarily of large seeded-plants, thereby causing changes in 
plant community composition. Using a meta-analysis, RODRIGUEZ-CABAL & 
al.(Rodriguez-Cabal et al., 2009), provide strong evidence that Argentine ants can reduce 
the diversity of native ant seed dispersers by up to 92%, reducing overall seed dispersal 
and seedling establishment in invaded sites. 
Disrupted seed dispersal also has been associated with invasions by Solenopsis 
invicta in the U.S. and Pheidole megacephala in Australia (Holway et al., 2002). Invasive 
ant species are also effective tenders of honeydew-producing herbivores, causing 
increases in their abundance and subsequent damage to crops and other plants (Ness & 
Bronstein, 2004; J K Wetterer & Porter, 2003). The Yellow crazy ant, Anoplolepis 
gracilipes, is associated with shifts in the vegetation on Christmas Island, where this ant 
displaced the primary crab consumers; in other places, associations between A. gracilipes 
and scale insects were linked with increased tree mortality (Kenis et al., 2009). Native 
ants also can negatively affect plant communities when they defend or disperse seeds of 
invasive plant species (Alba-Lynn & Henk, 2010; Jensen & Six, 2006; Lach, Tillberg, & 
Suarez, 2010). For example, in Brazil, leaf cutter ants (Acromyrmex niger ) disperse 
seeds of Murraya paniculata, an invasive plant that hosts the bacterium that causes 
greening disease in citrus trees (Pikart, Souza, Serrão, & Zanuncio, 2011). 
Invasive ant activities also can change physical and chemical soil properties. For 
example, displacement of deep-nesting harvester ants (Messor and Pogonomyrmex) in the 
western U.S. by shallow-nesting Linepithema humile changes soil turnover and 
decomposition rates, thereby altering nutrient cycles (MacMahon, Mull, & Crist, 2000). 
Invasion by Wasmannia auropunctata, Solenopsis invicta, and Linepithema humile are 
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coupled with changes in detritivore communities, ultimately changing decomposition 
rates and nutrient cycles that can have consequences on soil as well as plant properties 
(Dunham & Mikheyev, 2010) and refernces therein. However, Lafleur et al. (2005) found 
that Solenopsis invicta nesting and foraging activities increased the availability of 
nitrogen and therefore enhanced plant growth in longleaf pine plantations in the southern 
U.S.  
 
Research needs 
Myrmecological research of ecosystem services mediated and regulated by ants 
has increased dramatically during the last 20 years (Figures 1 and 2). Several ecosystem 
services have been extremely well studied and reviewed in recent years (e.g., ant-
mediated seed dispersal; the use of ants as biological indicators of environmental 
change), yet several important areas remain largely unexplored. From this synthesis, it is 
clear that ants are fundamentally important in many terrestrial ecosystems at local scales, 
but just how important they can be under different environmental conditions and across 
larger spatial scales remains unclear. Folgarait (1998) presented a list of five major 
research areas that have been increasingly studied during the last 13 years: evaluations of 
the importance of ants using ant removal experiments; evaluations of the importance of 
ants using ant addition experiments; understanding the roles of native and invasive ants in 
disturbed environments; the use of long-term research sites to evaluate impacts of ants on 
ecosystems through time; and studies of ants at larger biogeographic spatial scales. Here I 
present a list of another five lines of research that will improve our understanding of how 
important ants are to ecosystem functioning and mediating ecosystem services.  
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(1) Explore the biodiversity of ants. By increasing our understanding of ant species 
diversity I have the potential to discover new applications and mechanisms mediated by 
ants which may prove to be valuable to ecosystems and society. If the diversity estimates 
are correct (Bolton et al., 2007; Ward, 2010), then approximately half of the species of 
ants are not yet known to science, meaning that there is a good chance that some of these 
species may be playing fundamental roles in terrestrial ecosystem functioning and 
structure. It is also important to identify species that are key ecosystem service providers 
and determine what environmental variables (e.g., temperature, competition, geographic 
location) affect their capacity to mediate processes and provide services (Kremen & 
Ostfeld, 2005). These species are likely to be widely distributed, abundant, and 
ecologically dominant in their respective biomes; thus, investigating their respective roles 
across ecosystems will be a major undertaking which links biodiversity exploration with 
ecological studies. 
 
(2) Quantify the value and importance of ant-mediated ecosystem services. This has been 
done for some of the disservices of ants (e.g., invasive species eradication). Moving 
forward, quantifying the value of ecosystem service providers like ants is an area of 
research which has many obstacles to overcome, yet is necessary to promote management 
and conservation of biodiversity. Research in this area should be the result of cross-
collaborations with social scientists, economists, policy makers, and biodiversity 
researchers, who together must explore the socioeconomic and environmental benefits of 
conservation of organism-mediated ecosystem services (Kremen & Ostfeld, 2005; Luck 
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et al., 2009). Luck et al. (2009) present a conceptual framework for completing work of 
this magnitude and heavily emphasize that more research is required in understanding the 
key functional traits of a taxon that provides a key ecosystem service, a crucial research 
need in myrmecology.  
 
(3) Explore the variability in the importance of ants across ecosystems. Ecosystem 
services provided by organisms are not the same across the entire planet. Services are 
influenced by landscape structure, habitat type, and geographical variables (Nelson et al., 
2009). I suggest that future research should quantify the effects of ants relative to those of 
other ecosystem engineers and mediators of ecosystem services (e.g., earthworms and 
termite roles in soil formation; rodents and birds in seed dispersal). This comparative 
approach also should extend to larger ecosystem and biogeographic scales as well as 
longer temporal scales. Comparative studies of this nature should also consider the roles 
and impacts of ants across different habitats and ecoregions, which vary in degrees of 
disturbance across the world. One approach would be to analyze these ecosystem effects 
using a meta-analysis framework to quantify the overall impact of ants on ecosystems 
and their benefits to ecosystems and society.  
 
Our analysis of effect sizes of ant and rodent-mediated seed dispersal in the Regulating 
services section of this review (Figure 3), quantitatively synthesized the results of 
multiple seed dispersal experiments to derive large scale conclusions about the effect of 
ants relative to rodents on seed dispersal, but finding high quality, comparable data was 
very difficult because methods are not standardized across myrmecological experiments. 
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For example, our literature search for the meta-analysis yielded 111 publications of seed 
dispersal experiments on ants and rodents. However, of those 111 publications only ten 
studies had the necessary standardized methods and valid controls required to complete a 
meta-analysis. I suggest that future experiments not only standardize their methods across 
studies but also make their raw data and results (e.g., means, number of replicates, and 
measures of variation) more easily accessible for use in large-scale comparative studies 
which will ultimately informs us about the relative importance ants in mediating 
ecosystem services. I were unable to find sufficient comparable data for the other 
ecosystem services I reviewed to allow for additional meta-analyses, and this suggestion 
will also allow future researchers to identify the significance of ecosystem services 
thought to be provided by ants. 
 
(4) Explore the mechanistic basis of ants as ecosystem engineers. Further research is 
needed to determine the mechanistic basis for ant functional contributions to ecosystem 
processes. It is widely recognized that ants alter ecosystem processes in important ways, 
but there are few studies that quantitatively evaluate these contributions. Ant species 
exclusion, removal, addition, and long-term experiments are parts of the framework 
suggested by Folgarait (1998). Using this framework would be especially helpful for 
exploring questions about supporting and regulating services provided by ants. It is also 
important to understand how ants influence ecosystem processes and functions in light of 
management for future environmental conditions. Here I suggest that combining the 
experimental framework proposed by Folgarait (1998) with experimental manipulations 
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of predicted environmental change using standardized methods will yield informative 
predictions of how ant mediated ecosystem processes may respond to a changing planet.  
 
(5) Quantify the influence of anthropogenic climate change and land use change on 
provisioning, regulating, and supporting ecosystem services and disservices of ants. 
Ecosystem services and disservices provided by ants are likely to be impacted by 
anthropogenic alterations of the environment. In response to these changes, ant diversity 
and abundances, including those of invasive species, are likely to change as the 
environment changes, which ultimately can result in changes to the ecosystem services 
mediated by ants and the organisms they interact with. I propose that future research 
should make use of modeling approaches parameterized by field experiments to predict 
how ant-mediated services and processes will respond in a changing planet.  
 
Discussion and conclusion 
"Ants are everywhere, but only occasionally noticed. They run much of the terrestrial 
world as premier soil turners, channelers of energy and dominatrices of the insect fauna – 
yet receive only passing attention in text books on ecology."(Hölldobler & Wilson, 1990) 
 
A growing body of literature continues to suggest that ants are amongst "the little things 
that run the world" (E O Wilson, 1987). Ants provide important ecosystem services that 
promote human well-being and can be categorized using the MA framework (i.e., 
provisioning, regulating, cultural and supporting ecosystem services) and new 
frameworks that distinguish between services and processes mediated by ants (e.g.,(Mace 
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et al., 2012)). Ants are culturally valued, can be managed to become important nutritional 
resources, and have the potential to provide important fibers and biochemical compounds 
to be used in pharmaceutical products. Ants are important regulators of plant and animal 
community structure and act as biological control agents in major agroecosystems across 
the world. Ants also play important roles in supporting ecosystem processes, which 
include nutrient and carbon cycling, soil movement and formation and decomposition of 
organic matter, and the use of ants as biological indicators of environmental change. 
Hölldobler and Wilson (1990) recognized the importance of ants in terrestrial ecosystems 
and the value of the conservation of these keystone invertebrates is exemplified many 
times by Wilson (1987). Our review has shown that both our understanding of the roles 
of ants in ecosystems and the list of benefits to society that ants can provide continue to 
grow.  
 
Yet ants also deliver disservices that have consequences on the functioning of ecosystems 
and human well-being. Ants are nuisance pests when they enter and damage human-
modified landscapes. As stinging insects, ants also can affect human health. Invasive ants 
or ants that are introduced into new areas can have adverse effects on humans, livestock, 
and native fauna, causing changes in biodiversity and a variety of regulating and 
supporting services, such as plant productivity and nutrient cycling. Altogether, these 
disservices have cost many billions of (US) dollars every year. Less frequently, invasive 
ants provide positive ecosystem services such as soil turnover and control of plant pests, 
but the net effects of invasive ants have not yet been quantified. 
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On our changing planet, the importance of invertebrate-mediated ecosystem 
services cannot be underappreciated. Ants are a highly diverse group of insects that 
provide or mediate many important ecosystem services. The services mediated and 
provided by ants across the planet are likely to be affected by increasing anthropogenic 
impacts, whether it be land-use or climate change, environmental degradation or the 
mismanagement of natural resources. This review highlights fields of research that will 
improve our understanding of ant-mediated ecosystem services as interpreted by the MA. 
I conclude that conservation efforts for "the little things that run the world" should be a 
center of research focus as promoted by Wilson (1987) and I suggest that by increasing 
our research efforts in the areas highlighted in this synthesis, society and ecosystems can 
continue to maximize and understand the benefits provided by the rich biodiversity of 
ants. 
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CHAPTER 2 
DIVERSITY OF EASTERN NORTH AMERICAN ANT COMMUNITIES ALONG 
ENVIRONMENTAL GRADIENTS 
Chapter Summary 
Studies of species diversity patterns across regional environmental gradients 
seldom consider the impact of habitat type on within-site (alpha) and between-site (beta) 
diversity. This study is designed to identify the influence of habitat type across 
geographic and environmental space, on local patterns of species richness and regional 
turnover patterns of ant diversity in the northeastern United States. Specifically, I aim to 
1) compare local species richness in paired open and forested transects and identify the 
environmental variables that best correlate with richness; and 2) document patterns of 
beta diversity throughout the region in both open and forested habitat. I systematically 
sampled ants at 67 sites from May to August 2010, spanning 10 degrees of latitude, and 
1000 meters of elevation. Patterns of alpha and beta diversity across the region and along 
environmental gradients differed between forested and open habitats. Local species 
richness was higher in the low elevation and warmest sites and was always higher in open 
habitat than in forest habitat transects. Richness decreased as temperature decreased or 
elevation increased. Forested transects show strong patterns of decreasing dissimilarity in 
species composition between sites along the temperature gradient but open habitat 
transects did not. Maximum temperature of the warmest month better predicted species 
richness than either latitude or elevation. I find that using environmental variables as key 
predictors of richness yields more biologically relevant results, and produces simpler 
macroecological models than commonly used models which use only latitude and 
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elevation as predictors of richness and diversity patterns. This study contributes to the 
understanding of mechanisms that structure the communities of important terrestrial 
arthropods which are likely to be influenced by climatic change.  
 
Introduction 
Biodiversity monitoring studies along environmental gradients can be used as 
natural experiments to document how species richness and community structure change 
in response to biotic and abiotic factors, including those predicted to be affected by 
climatic change (Frenne et al., 2013; Lepetz, Massot, Schmeller, & Clobert, 2009). The 
latitudinal gradient of species richness is well documented for multiple taxa and 
throughout many regions globally (Hillebrand, 2004). At regional spatial scales (i.e. 
scales within the same biome, domain or landscape (Whittaker & Ladle, 2011)), species 
richness is often correlated with temperature, water availability, and productivity 
(Nicholas J. Gotelli & Ellison, 2002a, 2002b; Yates, Gibb, & Andrew, 2012), which also 
vary with latitude. These correlations may differ among continents, perhaps reflecting 
differences in evolutionary history (Wiens & Donoghue, 2004). At local spatial scales 
(i.e. scales within the same community), habitat type may be a better predictor of species 
richness than geographic location along an environmental gradient (Yates et al., 2012).  
Both regional and local scale processes affect species richness when measured at various 
spatial scales (Hawkins et al., 2007; Wiens & Donoghue, 2004). This work contributes to 
the growing number of studies relating species richness to various environmental 
gradients thorough different global biomes and so can be useful in identifying global 
patterns of species richness.  
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Understanding regional patterns of species richness also requires an 
understanding of how species turnover changes across environmental gradients. Beta 
diversity analyses are necessary for identifying the environmental correlates that 
contribute to dissimilarity between local communities across regional scales.  Beta 
diversity analyses explore the relationships between local and regional richness and 
ultimately help explain how communities assemble due to the influence of local and 
regional environmental filters (Ricklefs, 1987; Soininen, Lennon, & Hillebrand, 2007).  
Changes in regional climate can modify the communities of organisms that 
inhabit the region (Bellard, Bertelsmeier, Leadley, Thuiller, & Courchamp, 2012a; 
Parmesan, 2006; Rodenhouse, Christenson, Parry, & Green, 2009). If changes in 
community structure and composition associated with climate change are substantial and 
impact keystone and abundant species (which may be responsible for sustaining 
ecosystem processes and services), the changes in composition may lead to large 
ecosystem-level consequences (Israel Del Toro, Ribbons, & Pelini, 2012).  
In this study, I assessed how species richness of ants of the northeastern United 
States changes across environmental gradients. Ants were ideal organisms to use for such 
a study because they are locally abundant throughout the study region, their diversity in 
the region is relatively well understood, approximately 180 species occur in the full 
extent of the study region, and standardized sampling methods can be implemented easily 
and replicated at regional scales (Ellison, Gotelli, Farnsworth, & Alpert, 2012; N.J. 
Gotelli, Ellison, Dunn, & Sanders, 2011). Ants also provide key ecosystem services and 
mediate various ecosystem processes (Israel Del Toro et al., 2012).  
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The main objective of this work was to document the patterns of ant species 
richness across 10° of latitude and ~ 1000 m of elevation relief across the forests of the 
Appalachian Mountains in the northeastern United States.  Specifically I: 1) compared 
local species richness patterns in paired open and forested habitat transects; 2) identified 
the environmental variables that best predict richness patterns; and 3) documented the 
patterns of beta diversity throughout the region in both open and forested habitat. 
 
Materials and Methods 
Study Region  
The forests of the eastern United States span approximately 1500 m in elevation 
relief across the Appalachian Mountain range (Figure 5A) , which extends into the 
southeastern United States. I sampled ants at 67 sites spanning 10° of latitude across the 
northeastern United States (Figure 5). The sampled sites were distributed across five of 
the Level II ecoregions of North America  (Cooperation, 1997): (1) Atlantic Highlands, 
(2) Mixed Wood Plains, (3) Southeastern U.S. Plains, (4) Ozark-Oachita-Appalachian 
Forests and, (5)Southeastern Coastal Plains (Figure 5B). In the extent of the study the 
highest site was at ~1000 m.a.s.l. at Mount Greylock State Reservation, Massachusetts 
and several sites in Maine, Massachusetts, New Jersey, Maryland and Virginia were close 
to sea level. Both elevation and latitude influence the climate at each site. High elevation 
and high latitude sites are restricted to the Atlantic Highlands ecoregion; they have mean 
annual temperatures 4°C ± 3.2°C. Low elevation and low latitude sites were located in 
the Southeastern Costal Plains ecoregion and had a mean annual temperature of 13°C± 
1.2°C (Figure 5B). Site information, including the responsible permitting agency for all 
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sampling sites is presented in (Appendix1). No endangered or threatened species were 
collected as part of this study.  
 
Figure 5 Sampling sites- Distribution of sampling sites across A) an elevation gradient 
with state boundaries and B) a temperature gradient in the Northeastern U.S. with EPA 
Level II ecoregion boundaries. 
Ant Sampling  
At each site I sampled ants using pitfall traps along two, 200 m linear transects. 
At each site, one transect was in a forested area and the second was in an adjacent open 
area. Pitfall traps were placed at 10 m intervals (n=20 per transect). Traps were left open 
and allowed to collect ants for 48 hours.  The samples were taken back to the laboratory 
where I sorted and identified the specimens using the best available taxonomic key for 
each genus or subgenus (many of which are now compiled in a recent book “A Field 
Guide to the Ants of New England”). I counted the number of individuals of each species 
per trap and converted the abundance matrix to a presence/absence matrix, so that at any 
given transect, the maximum occurrence of any single species was 20. Incidence data 
instead of abundance data is commonly used in ant ecology studies to account for the 
high abundances associated with pitfall traps which happen to be placed close to nests 
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(N.J. Gotelli et al., 2011). I estimated richness based on the presence-absence data using  
the Chao2 and ICE metrics in EstimateS Version 8.2.0 (Colwell, 2009). Voucher 
specimens will be deposited in the Harvard Museum of Comparative Zoology pending 
completion of the dissertation research. 
The paired transects were separated by 500 – 2000 m. Forested transects were 
dominated by various overstory species, whereas open transects lacked overstory 
vegetation and typically had herbaceous and grassy understory vegetation. Samples were 
collected from May 2010 to August 2010, starting in the southernmost sites and working 
my way north as the peak growing season advanced. Sites were typically in minimally 
altered or disturbed state and national forests. Forested transects were selected so that 
transects started at distances >2km from major roads and were at least 500m from the 
adjacent open transect. Open transects were typically in anthropogenically modified 
habitat (e.g. power line clearings or pastures). 
  
Environmental Data and Gradient Models   
At each site, I recorded latitude, longitude, and elevation data with a Garmin 
Oregon 400t (Garmin International Inc. Olathe, Kansas). I extracted data layers for soil, 
climate, and remotely sensed databases using ArcGIS (version 9.3). I extracted soil 
information from the United States Department of Agriculture Web Soil Survey (USDA, 
2012), climatic variables (mean annual temperature, maximum temperature of the 
warmest month and minimum temperature of the coldest month and mean annual 
precipitation) from the WorldClim bioclimatic dataset (Hijmans, Cameron, Parra, Jones, 
& Jarvis, 2005), EVI and NDVI (measures of transect-level productivity) data from the 
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Moderate-Resolution Imaging Spectroradiometer (MODIS) dataset at 250 m resolution 
for the time period of June-July of 2010 (USGS, 2012) and landcover classification 
variables from the National Landcover Database (NLCD, (Fry et al., 2006)). For 
landcover variables, I calculated the proportion of land classified as forest, developed, 
agricultural, scrub, wetland and barren in the 1 km2 area around the center point of each 
transect.  
At each site I compiled species lists of the main overstory and understory 
vegetation along the sampling transects. I used principal coordinates analysis (PCoA) to 
derive site scores based on the vegetation species lists. The PCoA scores of the first and 
second axis for each site were entered as independent variables in stepwise multiple-
regression and boosted regression tree (BRT) analyses and treated as measures of 
vegetation composition at each site.  
I checked for colinearity between the temperature and productivity measures and 
removed variables that were highly correlated (i.e. adjusted r2 > 0.50); variables removed 
were: mean annual temperature, minimum temperature of the coldest month and EVI. I 
used the following variables as independent predictors of observed species richness in the 
stepwise generalized linear model (GLM) multiple-regression analyses assuming a 
Poisson link function (which is appropriate for species richness counts) in the MASS 
package in R (version 2.15) (R Development Core Team, 2011): latitude, longitude, 
elevation, soil type, maximum temperature of the warmest month,  mean annual 
precipitation, vegetation composition PCoA-1, vegetation composition PCoA-2,NDVI, 
and the proportions of land around each transect that were classified as forest, developed, 
agricultural, scrub, wetland and barren. I weighted each observation in the GLM and 
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BRT based on the estimated sampling coverage of each site or transect with using the 
formula: 
  𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 (𝐶) = 1 − 𝑓1
𝑛
( 𝑓1(𝑓1+(2∗𝑓2)))  
Where f1 is the number of singletons collected in a transect or site, f2 is the number of 
doubletons collected in a transect or site and n is the sample size (i.e. number of traps 
used in the site or transect) (Chao & Jost, 2012). Using this approach places more weight 
on sites that were more thoroughly sampled and less weight on sites where sampling 
coverage was lower.  
As an alternative to GLMs, I used BRT analysis which is a machine learning 
approach that can be used to explore the relationships between environmental predictors 
and response variables using the combination of many simple tree models. BRTs are 
increasingly used as a species distribution modeling algorithm but can also be applied as 
a method to explore complex non-linear relationships between environmental attributes 
and species richness patterns across broad spatial gradients (e.g. predicting patterns of 
fish species richness in New Zealand (Francis, Morrison, Leathwick, & Walsh, 2011)) .  
Some of the advantages of using are that BRTs are 1) they allow for the use of non-
normally distributed data, 2) categorical data can be used (e.g. soil type), 3) data can be 
weighted  (e.g. using coverage weights), and 4) allow for applying a response variable 
family distribution  (Poisson distribution in this case for count data). Additionally, BRT 
results are typically more informative than the results traditional linear modeling 
approaches (Elith, Leathwick, & Hastie, 2008). Elith et al. (2008) present a review and 
explanation of BRT models’ usefulness in ecological research  BRTs require that at least 
two parameters be set, the first is “tree complexity” which I set at 2 which and is 
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appropriate for smaller datasets. Tree complexity reflects the maximum number of 
allowed nodes in the decision trees of the analysis.  The second is the “learning rate” 
which I set to 0.001 and held constant for all models so that at least 1000 trees would be 
produced for any given analysis (the smaller the learning rate, the higher the number of 
trees that can be produced).  I used the R package “gbm” to implement this analysis 
(Ridgeway, 2006).  
 
Beta-Diversity Analysis    
I used the betapart package in R (Baselga, 2010) to calculate Sørenson 
dissimilarity measures and the turnover of species composition between sites. I used the 
ßSOR metric to evaluate total dissimilarity between sites across the temperature 
environmental gradient.  To account for spatial autocorrelation and correlation between 
site richness and environmental variables (temperature, precipitation, vegetation 
composition and productivity) I used a Mantel test on each environmental variable 
distance matrix against the pair-wise dissimilarity matrix. I binned the presence/absence 
data based on the sites’ maximum temperature of the warmest month and regressed the 
corresponding ßSOR, values against temperature to evaluate the differences across the 
temperature gradient of the northeastern U.S. A regression framework for comparing beta 
dissimilarity values across environmental gradients is appropriate for studies of this 
geographic scale, magnitude and across environmental gradients (Anderson et al., 2011).  
 
Results 
Species richness across environmental gradients 
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 The transects yielded 16,538 ant specimens representing 92 species. At all sites, 
richness was higher in the open habitat than in the forest habitat transect (Figure 6).  The 
best sampled transects (i.e. those closest to the 1:1 ratio line in Figure 6) tended to be in 
cooler, low richness forested transects (Figure 6A, 6D). Warmer open habitat transects 
tended to be undersampled (6B, 6E). As many as 30 species were collected at several 
sites across the extent of the study region (Figure 6C, 6F), but most high diversity sites 
tended to be along the east coast at warmer sites. The sites along the coastal regions 
between Massachusetts and Virginia tended to have the highest expected richness (Chao2 
estimator ≥ 50 species of ground foraging ants per site) (Figure 6F). This region of high 
diversity corresponds to the Southeastern Costal Plains ecoregion. In contrast, the lowest 
diversity sites (5 – 10 species) tended to be at high elevations/latitudes and lower 
temperatures (Figure 6C, 6F), which generally correspond to the Atlantic Highlands 
ecoregion. 
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Figure 6 Observed vs. estimated species richness- Scatterplot of observed species 
richness versus predicted richness using the ICE (A–C) and Chao2 (D–F) estimators for 
forest and open habitat as well as the combined datasets. Colors of points represent the 
maximum temperature of the warmest month at each site. The dotted line shows the 1 to 
1 relationship between observed and predicted richness. 
 
 In most cases quadratic interactions between latitude and elevation (Figure 7A-C) 
and temperature and vegetation composition (Figure 7D-F) were the best predictors of 
species richness. However, the best-fitting models differed for forested and open habitats. 
Up to 30% of the variation in observed richness in forested habitat was explained by the 
interaction between latitude and elevation across the spatial gradient (Figure 7A). In open 
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habitats and in the combined dataset (i.e. open habitat + forested habitat), quadratic 
relationships between latitude and elevation best explained the variation in observed 
richness, but only accounted for 12% and 24% of the variation in observed species 
richness respectively (Figure 7B-C).  
 
Figure 7 Contour plots of species richness across environmental gradients- Contour plots 
displaying the predicted species richness based on latitude x elevation interactions (A–C) 
and maximum temperature of the warmest month X vegetation principal coordinate 
scores interactions (D-F). A and D are models for the forest dataset only, B and E are 
models for the open dataset only, and C and F are models for the combined datasets. 
 
Results of models using temperature of the warmest month and the best 
environmental predictor of observed species richness (i.e. the first vegetation principal 
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coordinate score) were similar: a linear model best fit the data in forested habitat 
(explaining ~34% of the variation in species richness, Figure 7D) and quadratic 
interactions best fit observed patterns of richness in open habitat and in the combined 
datasets (respectively accounting for 12% and 23% of the observed variation in richness 
across the different sites; Figure 7E-F).  
 Stepwise variable selection on the GLMs identified the best model for estimating 
species richness in forest habitats as the one that included latitude, longitude, elevation, 
the interaction between latitude and elevation, the interaction between longitude and 
elevation, vegetation principal coordinate score 1and NDVI classification. For open 
habitats, the best GLM included latitude, longitude, elevation, the interaction between 
latitude and elevation, the interaction between latitude and longitude, vegetation principal 
coordinate score 1 and  NDVI. When both forest and open habitat data were pooled, the 
best GLM included latitude, longitude, elevation, the interaction between latitude and 
elevation, the interaction between longitude and elevation, and the vegetation principal 
coordinate score 1  
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Table 2: Model AIC values for GLMs including all possible predictor variables and the interactions between latitude, longitude and 
elevations for forests, open and combined datasets.(*) Indicates significant variable (p≤0.05) contributing to the best model (table 
continued onto next page) 
 Forest Habitat Open Habitat Combined Data 
Global Model  
(All Variables Included) 
304.4 339.28 372.4 
Best Model 
 
283.4 
(V1 +V2 +V3 +V6 
+V8 +V12 +V17 
+V18) 
323.9  
(V1 +V2 +V3 +V6 
+V8 +V14 +V16 
+V17)  
361.9 
(V1 +V2 +V3 +V6 
+V16 +V17) 
Effect of Variable Removed 
From Global Model 
   
V1) Latitude 307.1* 344.9* 374.1* 
V2) Longitude 305.4* 340.7* 373.7* 
V3) Elevation 304.9* 342.3* 374.0* 
V4) Max Temperature of 
Warmest Month  
302.4 337.3 370.7 
V5) Mean Annual 
Precipitation 
302.8 337.3 370.5 
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V6) Veg. PCoA1 306.1* 340.1 372.0 
V7) Veg. PcoA2 302.4 338.7 370.8 
V8) NDVI 303.0 344.6* 372.4 
V9) Soil Type  296.1 338.4 367.5 
V10) Proportion of barren 
land 
304.2 337.5 NA 
V11) Proportion of 
developed land 
304.3 337.67 NA 
V12) Proportion of 
forested land 
304.3 337.4 NA 
V13) Proportion of scrub 
land 
304.7 337.3 NA 
V14) Proportion of 
agriculture land 
303.9 337.6 NA 
V15) Proportion of 
wetland 
304.0 337.5 NA 
V16) Latitude: Longitude 305.2 346.9 377.0* 
V17) Latitude: Elevation 301.4* 342.6 376.4* 
V18) Longitude: Elevation 291.6* 339.4 368.9 
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I also examined a GLM in which I excluded latitude, longitude, and elevation 
because these variables often serve as surrogates for abiotic factors such as temperature. 
In this series of models, the best-fit GLM for forest habitats included the maximum 
temperature of the warmest month and vegetation principal coordinate score 2 as the best 
predictors of richness. For open habitats the best-fit model included the maximum 
temperature of the warmest month, NDVI and the proportion of agricultural land around 
the transect. When both forests and open datasets were combined, the best GLM had the 
maximum temperature of the warmest month, NDVI and Soil Type as the best predictor 
variables (Table 3).  
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Table 3 Model AIC values for GLMs excluding latitude, longitude and elevation as predictor variables for forests, open and combined 
datasets (table continued onto next page) 
 Forest Habitat Open Habitat Combined Data 
Global Model (All 
Variables Included) 
306.0 341.5 372.9 
Best Model 
 
291.9  
(V1 +V4) 
328.9 
(V1 +V5 +V11) 
367.7 
(V1 +V6 +V5) 
Effect of Variable 
Removed From 
Global Model 
   
V1) Max 
Temperature of 
Warmest Month 
324.9* 336.8* 384.5* 
V2) Mean Annual 
Precipitation 
303.9 339.8 369.6 
V3) Veg. PCoA1 304.8 339.6 369.5 
V4) Veg. PCoA2 293.7 339.7 369.0 
V5) NDVI 304.3 330.12 369.9 
V6) Soil Type  301.5 340.8 369.7* 
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V7) Proportion of 
barren land 
306.7 339.7 NA 
V8) Proportion of 
developed land 
306.8 339.7 NA 
V9) Proportion of 
forested land 
306.7 339.6 NA 
V10) Proportion of 
scrub land 
307.1 339.7 NA 
V11) Proportion of 
agriculture land 
306.2 330.9* NA 
V12) Proportion of 
wetland 
306.5 339.8 NA 
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The site level BRT model (i.e. the combined dataset) had a c.v. correlation of 0.43 
and explained 35% of the deviance in the data. The best predictors for this model were 
maximum temperature of the warmest month, the first principal coordinate of vegetation 
community composition, soil type and mean annual precipitation. The forest habitat 
model had a c.v. correlation of 0.55 and explained 66% of the deviance in the data and 
was the best performing of the three BRT models. The model was best predicted by three 
variables, the maximum temperature of the warmest month, the first principal coordinate 
of vegetation community composition and NDVI. The open habitat model had a c.v. 
correlation of 0.15 and explained 25% of the deviance in the data and was the worst 
performing of the three BRT models. Maximum temperature of the warmest month, 
latitude, NDVI, the first principal coordinate of vegetation community composition, soil 
type and annual precipitation were the variables which contributed the most to this model 
(Table 4, Figure 8). The applied BRT functions and fitted values for each of the models 
are presented in.  
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Figure 8 Relative influence of predictor variables in Boosted Regression Tree analyses- 
A) Black bars indicate variable contributions for the combined data sets, B) Blue for the 
forest dataset only, and C) red for the open habitat dataset only. 
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Table 4 Summary of Boosted Regression Tree Models 
Model Total 
Deviance 
Residual 
Deviance 
% 
Deviance 
Explained 
Training 
Data 
Correlation 
C.V. 
Correlation 
Combined 
Dataset 
1.79 1.17 0.35 0.70 0.43 
Forest 
Dataset  
1.63 0.56 0.66 0.85 0.55 
Open 
Dataset  
1.47 1.10 0.25 0.63 0.15 
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Beta-diversity  
 There were no strong trends of spatial autocorrelation or correlation between the 
dissimilarities of the environmental variables and the community dissimilarity measures. 
The most evidence for spatial autocorrelation occurred when the data for open and forest 
transects were pooled. Sites that were between 29 km and 157 km apart from each other 
had a Mantel r between 0.05 and 0.07 sites that were furthest apart from each other 
(ranging 750 km to 900 km in distance from each other) were negatively correlated 
Mantel r between -0.17 and -0.11).  Slightly more apparent autocorrelations were 
observed between community dissimilarity and temperature dissimilarity. Once again the 
strongest evidence for autocorrelation was observed when the forested and open habitat 
data were pooled. Sites that were similar in mean annual temperatures (±2.2°C) were 
positively correlated, (Mantel r values ranging from 0.10 to 0.13). Sites that were very 
different from each other in mean annual temperature measures (±8.6°C) were negatively 
correlated (Mantel r values ranging from -0.15 and -0.10).  
 Beta diversity patterns across temperature gradients differed between forested and 
open transects. Forested habitat beta dissimilarity values peaked in cooler temperatures 
and decreased as temperature increased. In contrast, dissimilarity in open habitats and in 
the combined data set remained fairly constant throughout the temperature gradient and 
only slightly decreased as temperatures increased to ~14°C (Figure 9). Linear correlations 
did not account for any significant percentage of the relationship between beta 
dissimilarity and temperature in the combined dataset and the open transects but a strong 
linear relationship is present in the forest dataset alone (Adjusted R-sq= 0.82, p<0.001, 
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Fig. 9A).  The best fit regression for the open transect data was a quadratic relationship 
between temperature and ßSOR but it was not significant (Adjusted R-sq= 0.28, p>.05, 
Fig. 9B).  A quadratic relationship between temperature and ßSOR was also the best fit for 
the combined dataset and was statistically significant (Adjusted R-sq= 0.44, p=.05, Fig. 
9C). 
 
Figure 9 ßSOR metric across the temperature gradient, with best fit linear regression 
(dashed lines) and quadratic regression (solid lines). Forest habitat (blue circles), open 
habitat (red triangles) and the combined datasets (black squares). (A-C) Total 
dissimilarity (ßSOR) between sites for Forest (A: R-sq=0.82, p<0.001) Open (B: R-
sq=0.27, p>0.05) and the combined datasets (C: R-sq=0.44, p=0.05).   
 
Discussion 
The results presented here demonstrate that alpha and beta diversity of ground-
foraging ants in the northeastern United States differ based on habitat type across 
environmental gradients. Latitudinal gradients of ant species richness previously have 
been considered for the ants of the northeastern United States (Nicholas J Gotelli & 
Arnett, 2000; Nicholas J. Gotelli & Ellison, 2002a, 2002b), where species richness in 
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temperate forests were best predicted by key climatic and local environmental attributes 
(e.g. mean annual temperature, vegetation community composition, and the presence of 
the invasive red fire ant).  As in these previous studies, the latitudinal patterns of ant 
species richness in open habitats tended to be weaker than in forested habitats. However, 
open-habitat species diversity and composition often contribute to general patterns of 
species richness (Figure 3) and turnover (Figure 4) across regional scales, a pattern that 
has been observed in other Hymenopteran communities (Tylianakis, Klein, Lozada, & 
Tscharntke, 2006) and with ants at finer local scales (Israel Del Toro, Towle, Morrison, 
& Pelini, 2013).  
One of the variables most useful for predicting species richness in the study 
region was maximum temperature of the warmest month; it accounted for more of the 
variation in predicting species richness in forested habitats than in open habitats, perhaps 
due to the high variability of local temperatures in open habitat.  This suggests that 
mechanisms linked to temperature and climate (e.g. thermal tolerance of species, 
metabolism) may be regulating species richness and community structure in the 
temperate forests of the northeastern U.S. In previous studies and at smaller scales 
(Nicholas J. Gotelli & Ellison, 2002a), assembly rules based on body size also were 
proposed as being informative in predicting co-occurrences of species in forested plots 
but were less informative in open habitats.  The connection between body size and 
temperature-related mechanisms was considered for a small subset of species that are 
common throughout the northeastern U.S. (Oberg, Toro, Pelini, Del Toro, & Pelini, 
2011), but more work is needed to evaluate how body size and temperature relationships 
interact across larger species pools and ultimately contribute community assembly 
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patterns. Additional community structuring mechanisms, including interspecific 
interactions and niche differentiation, were also recently explored at finer local scales, 
this study also found that ant communities in forests were structured differently from 
those in open habitats (Israel Del Toro et al., 2013).  
One of the single variables that best explained the variation in ant species richness 
across the spatial gradient of the northeastern United States was a measure of vegetation 
composition.  The highest richness values, were observed at sites dominated by 
deciduous overstory vegetation (e.g. sugar maple, red oak, red maple, or American 
beech), species-poor sites tended to be dominated by overstory composed of evergreens 
(hemlock, white pine, spruce or balsam fir). Some exceptions occurred in pine barrens, 
including Myles Standish State Forest and the various sites in the pine barrens of New 
Jersey, where species richness was high but the main overstory was composed of pitch 
pine, long leaf pine and scrub oak. Pine barrens are hotspots of local diversity for other 
species of plants and arthropods, as well as the ants studied here, but are threatened by 
management practices and development  (Motzkin, Foster, Allen, Harrod, & Boone, 
1996).  Diversity patterns of ants in these hot-spots of richness should be carefully 
considered in future studies and may reveal patterns that are applicable at larger spatial 
scales.  
Macroecological models have used latitude and elevation as surrogates for 
describing the climate (mainly temperature) of a given site, but here I have shown that 
using the maximum temperature of the warmest month as a correlate of richness rather 
than both latitude and elevation is more informative and yields more biologically relevant 
information about the correlates and drivers of diversity at the site and transect levels. 
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Using a single measure of temperature (instead of two generally highly correlated 
variables like latitude and elevation) eliminates the problem of colinearity in analyzing 
macroecological models in a regression framework and I encourage future studies to 
consider this in their analyses. Based on the interactions between mean annual 
temperature and vegetation community composition, it is possible to identify regions of 
high and low species richness in a simplified framework (Figure 7 D-F), which takes into 
account biologically meaningful interactions like those between abiotic and biotic 
correlates of richness (e.g. temperature, and vegetation community composition).  
The use of BRT models in this study clearly shows that this machine-learning 
analytical framework can successfully explain much of the variation in species richness 
patterns across environmental gradients and in this case was more informative than the 
traditionally used GLMs. Additionally the results from BRTs are easy to understand and 
the important variables are clearly identified. I would recommend that future studies 
continue to use this approach to further explore the complex relationships between abiotic 
and biotic drivers of species richness patterns.  
Ant species richness and turnover changed depending on the ecoregions. The 
importance of ecoregions on community dissimilarity also needs to be carefully 
considered when doing studies of regional spatial scales, and has previously been shown 
to be an important determinant of bird alpha and beta diversity patterns (Able & Noon, 
1976; Veech & Crist, 2007) and ant communities of the semi-arid regions of Iran (Paknia 
& Pfeiffer, 2011).  Not taking into account the impact of ecoregion in the dissimilarity 
analysis, results in not detecting any significant trend in dissimilarity across the 
temperature gradient (Figure 9, dashed lines).  
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Beta diversity patterns across regional scales also are controlled by geographic 
and environmental attributes of the landscape (Soininen et al., 2007). Dissimilarity peaks 
at cooler temperatures and decreases as temperature increases. This trend was stronger in 
forested transects, but was also detected when the datasets were pooled. This pattern may 
be the result of patchy species distributions in cooler regions of the study extent. 
Decreased dissimilarity in warmer sites may be reflective of more continuous 
distributions of species across the landscape. At cooler sites, ant species distributions in 
this region become patchier, likely due to the fact that species are living in thermal 
extremes. As climate in the region changes, major effects on species distributions and 
consequently major changes in rates of species turnover are likely to occur (Del Toro, 
unpublished data). This trend is also reflective of recently described patterns of 
community dissimilarities of Canadian butterflies where dissimilarity peaks at higher 
productivity sites and declines as productivity decreases (Andrew, Wulder, Coops, & 
Baillargeon, 2012). This pattern contributes to the explanation of why NDVI was 
normally one of the better predictors of richness in the GLMs and BRTs.   
 
Conclusions 
Communities are changing rapidly as regional climate change impacts the planet 
and causes changes that have profound ecological and evolutionary consequences 
(Bellard et al., 2012a; Parmesan, 2006).  In the ecoregions of the northeastern United 
States, as temperature increases and as vegetation communities shift from evergreen 
dominated forests to deciduous forests, ant species richness may increase and 
dissimilarity between localities of species is likely to decrease. This could potentially 
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result in significant compositional changes (e.g. homogenization of the ant fauna, loss of 
patchily distributed species, and range expansion of potentially invasive species) in the 
cooler ecoregions of the forests of the northeastern United States. High elevation sites at 
lower latitudes may be particularly vulnerable to major changes in community 
composition of ants, because the unique fauna of these localities is less likely to track 
changes in temperature due to the sessile nature and limited dispersal potential of ants 
which may consequently become extirpated. This phenomenon may already be occurring 
in the high elevation sampling localities of Virginia, Maryland and West Virginia, where 
community composition and species richness was high and species turnover was low.  
This observational study contributes as a thorough baseline measure of species richness 
and community composition of an important and abundant terrestrial arthropod of the 
forests of the ecoregions of the northeastern United States, which I would encourage to 
be continuously monitored as climate change impacts the region.  
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CHAPTER 3 
COMMUNITY STRUCTURE, ECOLOGICAL AND BEHAVIORAL TRAITS OF 
ANTS (HYMENOPTERA: FORMICIDAE) IN MASSACHUSETTS OPEN AND 
FORESTED HABITATS 
 
Chapter Summary  
 I investigated ant species richness, interspecific behavioral interactions, and 
community composition in adjacent forested and open habitat plots in two forest types of 
the northeastern United States: i) the more common hemlock-white pine forest studied at 
Harvard Forest Long Term Ecological Research Station in central Massachusetts, and ii) 
the rare pitch pine barrens of Myles Standish State Forest in southeastern Massachusetts, 
which also provide habitat for multiple rare and endangered species. Overall I found that 
species richness, behavioral interactions, and ecological traits vary between forested and 
adjacent open habitat plots. The number of species is five times higher per plot in the 
hemlock-white pine open habitat (compared to forest habitat) but this pattern (i.e. higher 
species richness in open vs. forested plots) is not observed in the pitch pine barren site. 
Non-metric multidimensional scaling analyses suggest that community composition is 
significantly different between forest and open plots at both sites. However, community 
composition in open plots at both sites did not significantly differ from each other. I show 
that behaviorally dominant and submissive species mostly occur in open plots while 
neutrally interacting species are more restricted to forested plots, suggesting that 
interspecific competitive dynamics may be contributing to the community assembly 
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patterns observed in open habitats. These findings suggest that conservation and 
management for both open and forested habitat at either site is extremely important when 
attempting to maintain optimal ant biodiversity because each habitat type provides 
suitable conditions for different suites of ant communities.  
Introduction 
Communities are structured by various mechanisms including competitive 
dynamics, niche partitioning, biotic and abiotic environmental drivers, and evolutionary 
pressures on populations (Harrison & Cornell, 2008; Parr & Gibb, 2010).  Previous 
studies on the community structure of ants of the northeastern U.S. have documented 
species diversity gradients and suggest assembly rules based on body size across regional 
scales, but have not provided assembly rules for local determinants of community 
composition (Nicholas J. Gotelli & Ellison, 2002a, 2002b).  
In this comparative and observational study I investigate species richness 
differences (i.e. the number of species per plot) in paired forested and open habitats at 
two sites in Massachusetts, the pitch pine barrens of Myles Standish State Forest (MSSF), 
and the hemlock-white pine forests at Harvard Forest Long Term Ecological Research 
Station (HFLTER). The ants at both sites have been extensively sampled for nearly two 
decades and the overall fauna is relatively well understood (pers. comm. Stefan Cover 
and Aaron Ellison). The forests of MSSF are classified as core and critical units of 
conservation by the Massachusetts Department of Fish and Game and the Nature 
Conservancy because they are habitat for a wide variety of threatened and endangered 
species of birds, reptiles, amphibian and invertebrates (Motzkin et al., 1996; Woolsey, 
Finton, & DeNormandie, 2011).The habitat at HFLTER is more common, but still 
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considered an important forest habitat core, representative of much of the New England 
landscape with significantly lower species diversity (Jenkins, Motzkin, & Ward, 2008; 
Woolsey et al., 2011).  By understanding fine-scale species richness patterns at these two 
sites, I aim to inform management strategies required for the maintenance of ant 
biodiversity at sites of conservation interest.  Ants are important members of most 
terrestrial ecosystems and mediate multiple ecosystem services and processes (e.g. seed 
dispersal and nutrient cycling in temperate forests) (Israel Del Toro et al., 2012) and so 
conservation of the functional and biological diversity of these animals should be a 
research and management priority.  
The overarching objective of this study is to compare species richness and density 
patterns in forested versus open habitat at two sites (i.e. MSSF and HFLTER).  
Specifically this study aims to: 1) compare species richness estimates at MSSF and 
HFLTER paired forested and open sites, 2) document natural history traits that are 
associated with species occurrence (i.e. behavioral traits and nesting microhabitat), and 3) 
compare the community similarity patterns between MSSF and HFLTER forested and 
open habitat. I conclude by synthesizing our findings and offering habitat management 
suggestions which can be applied to maximize ant conservation.  
 
Methods 
MSSF is located in Plymouth County in eastern Massachusetts (41.8686°N, -
70.6688° W) with a mean elevation of 50 m.a.s.l. The habitat is dominated by pitch pine 
(Pinus rigida) and scrub oak (Quercus ilicifolia, Quercus prinoides) overstory, 
blueberries (Vaccinium spp.) in the understory, and extremely sandy soils. HFLTER is 
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located in Worcester County in central Massachusetts, (42.5391°N, -72.1898° W) with a 
mean elevation of 300 m.a.s.l. The habitat is dominated by hemlock (Tsuga canadensis) 
and white pine (Pinus strobus) overstory, partridgeberry (Mitchella repens) in the 
understory, and with soils ranging from sandy to gravelly loams. 
I sampled ant nests at ten 5x5 m plots at both MSSF and HFLTER (5 forest 
habitats and 5 open habitats at each site; N=20 plots). The forested and open plots were 
paired and separated by 200- 300 m, and were at least 50 m from any distinct forest edge, 
to minimize edge effects on richness patterns. Each pair of plots was separated from the 
other pairs by at least 750 m and as much as 10 km; on average the distance between the 
pairs of plots was 2.85 km. I considered forest plots as those with a closed overstory (tree 
canopy) and open plots as those lacking overstory vegetation with an understory 
dominated primarily by herbaceous vegetation and grasses.  Each 5x5 m plot was divided 
into 1 m2 grids and each grid was exhaustively searched for ants (an average of 6 person 
hours per plot) which were hand collected and identified to the species level. I recorded 
the location of the nest within the grid system and the nesting microhabitat, which was 
classified into five categories (Table 5). I also collected ants using an array of 36 pitfall 
traps (50 ml. Falcon tubes filled with 25 ml of 75% ethanol) placed at one meter intervals 
across the sampling grid and left open to collect ants for 48 hours.  
I evaluated interspecific ant interactions at baits using 16 Petri dishes with 2 g of 
tuna spaced at 3 m intervals in a 9 x9 m grid (which included the 5X5 m grid where 
pitfall traps and hand collecting occurred). I observed each dish for 2 minutes, recorded 
any interspecific interactions and collected the ants that interacted for species level 
identification. I observed each bait station three times during a 96 minute sampling 
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window (up to 48 possible independent interactions during the sampling period per plot) 
and counted the number of aggressive and neutral interspecific interactions at the baits. 
The occurrences of ants at baits that were monopolized by heavy recruitment were only 
counted once so that each species occurrence was treated as an independent observation.  
Interactions were recorded as dominant, neutral, or submissive. I assigned a classification 
(i.e. dominant, submissive, or neutrally interacting) to species that were observed 
interacting a minimum of 5 times based on the majority of their interspecific interactions.  
The majority of species that I observed interacting were consistent in their behavioral 
response more than 80% of the time. A dominant interaction consisted of any competitive 
behavior such as attacks or defenses of resources.  A submissive interaction included 
retreat, loss of resource allocation, or death resulting from aggression or stress. A neutral 
interaction was when neither species altered their behavior in the presence of the other.   
I compared species richness, community composition, nesting microhabitat type, 
and number and type of behavioral interactions in open versus forest habitats at MSSF 
and HFLTER. I estimated species richness using rarefaction analyses implemented in 
EstimateS (Colwell, 2009). I completed the analyses at the site and habitat type levels 
(Table 6) and used two non-parametric estimators of species richness for incidence based 
data: the ICE metric and the Chao2 metric, which are appropriate when analyzing species 
occurrences (rather than abundances) at pitfall traps (N.J. Gotelli et al., 2011). I present 
the mean and standard deviation of the observed interspecific interactions per sampling 
window (N=48, unless baits were monopolized by a single heavily recruiting species) 
(Table 5). I used the Wilcoxon Rank Sums Test to evaluate if there were differences 
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between forest and open habitat richness measures, as well as the number and type of 
behavioral interactions, and nesting microhabitat type (Table 5).  
I used non-metric multidimensional scaling (NMDS) to evaluate community 
composition and similarity. I applied the optimal dimensionality of three axes with a 
stress value of 0.133. The first two axes of the NMDS explained 96% of the variation 
observed in community composition and so are the only ones reported here. I followed 
the NMDS with an Analysis of Similarity (ANOSIM) to evaluate the overall difference in 
community composition between forest and open plots at the two sites. The Wilcoxon 
Rank Sums Test, NMDS, and ANOSIM analyses were implemented in R (R 
Development Core Team, 2011) using the statistical package “vegan” (Oksanen et al., 
2012). 
Results and Discussion  
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Table 5 Wilcoxon Rank Sums Test Statistics: Pair wise comparisons between forest and open plots at Harvard Forest and Myles 
Standish State Forest. Total plots= 20; n=5 per habitat type and forest. I report the mean and standard deviation for observed and 
estimated species richness as well as the mean and standard deviation for the counts of observed interspecific interactions (i.e. the 
number of interactions per observation period at a single bait station) and the mean and standard deviations of the number of nests and 
nesting microhabitat types per plot (table continued onto next page) 
 Harvard Forest_ 
Forested Plots 
Harvard 
Forest_ 
Open 
Plots 
W-stat          
(p-value) 
Myles 
Standish_ 
Forest 
Plots 
Myles 
Standish_ 
Open Plots 
W-stat          
(p-value) 
Diversity 
Measures 
      
Species 
Observed 
3.00±1.00 9.40±4.16 2.50 (0.04) 
* 
8.20±3.11 9.80±2.86 7.00 (0.29) 
     ICE Metric 3.60±2.08 11.91±5.5
3 
2.50 (0.05) 
*  
14.46±5.24 12.96±6.23 15.00 (0.69) 
     Chao 2 
Metric  
3.19±1.29 10.57±4.6
9 
2.50 (0.05) 
* 
13.45±5.20 11.11±4.23 10.00 (0.69) 
       
Behavioral 
Interactions 
      
    Total 
Interactions 
1.00±1.25 2.80±2.10 7.50 (0.33)  6.40±4.73 7.20±2.18 10.50 (0.75) 
    Aggressive 
Interactions 
0.20±0.45 2.40±1.10 6.50 (0.09) 0.60±0.89 6.00±2.99 3.50 (0.05) * 
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    Neutral  
Interactions  
0.80± 0.24 0.40± 0.25 16.0 (0.49) 4.00±1.94 1.20±1.31 18.50 (0.19) 
       
Nest Density 
and Nesting 
Habitat 
      
     Total Nests 7.80±2.17 13.40±8.0
2 
5.00 (0.14) 29.80±14.3
8 
32.60±15.3
7 
11.00 (0.77) 
     Nests in Soil  1.40±1.52 11.80±6.9
8 
2.50 (0.04) 
*  
13.60±6.23 23.80±16.2
3 
7.00 (0.29) 
     Nests in 
Woody Debris 
0.40±0.89 0.20±0.45 10.00 (0.67) 4.60±3.05 0.80±1.30 22.5 (0.04) *
  
     Nests in 
Vegetation  
0.00±0.00 0.00±0.00 NA 0.00±0.00 4.80±4.21 2.50 (0.02) * 
     Nests in Leaf 
Litter 
6.00±1.58 0.60±0.89 25.00 (0.01) 
*  
11.80±10.2
1 
3.00±6.71 19.00 (0.18) 
     Nests Under 
Rocks 
0.00±0.00 0.80±0.64 5.00 (0.07) 0.00±0.00 0.20±0.42 10.00 (0.42) 
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Observed and estimated species richness was five times higher in HFLTER open 
than the forested plots.  Species richness did not significantly differ between MSSF open 
and forest plots (Table 5, Table 6). Additionally, species richness at HFLTER open plots 
did not significantly differ from either forest or open plots at MSSF. The higher species 
richness at the HFLTER open plots conforms to a global pattern described for ants in 
open and warmer habitat types (Alan N. Andersen, 1995, 1997a). I hypothesize that the 
open nature of the environment allows ants to be more active and less thermally 
constrained, as opposed to forested sites where cool and damp conditions may be acting 
as a habitat filter (Lessard, Dunn, & Sanders, 2009). At MSSF, the numbers of species 
did not differ significantly between forest and open sites but remained high (compared to 
HFLTER) in both forest and open plots. This may be an indication that additional 
environmental factors (e.g. the sandy soil type) may be contributing to the observed high 
ant abundances which may ultimately lead to higher species richness. Another factor that 
can potentially explain the high richness patterns observed at MSSF is the open nature of 
the canopy in the pitch pine barren habitat, which increases habitat complexity in the 
understory and makes more nesting niches available, a pattern suggested for 
Massachusetts forests (Woolsey et al., 2011).  
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Figure 10 Rarefaction and species richness estimation (a) Number of species observed (b 
and c) Number of species estimated derived from incidence based estimators
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Table 6 Species list for HFLTER and MSSF with natural history observations (table continued onto next few pages) 
      Sites  
Behavioral 
Interactions Nesting Habitat Colony Size 
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Amblyoponinae Stigmatomma pallipes   •  •       •    • •     
Dolichoderinae Dolichoderus mariae •  • •     • • • •     • •   
Dolichoderinae Dolichoderus pustulatus •  •     •    •   •   •     
Dolichoderinae Tapinoma sessile • • • •   • 
 
  • • • 
 
  • • 
 
  
Formicinae Brachymyrmex depilis   
 
•     
  
• • 
   
• • 
  
  
Formicinae Camponotus americanus • 
  
•   
  
• • 
   
  • • 
 
  
Formicinae Camponotus noveboracensis • • • •   
 
•     • 
  
  • • 
 
  
Formicinae Camponotus pennsylvanicus • • • •   
 
•     • 
  
  
 
• 
 
  
Formicinae Formica dolosa   
 
•     
  
• • 
   
  • 
  
  
Formicinae Formica incerta • • •     • 
 
  • 
  
•   • 
  
  
Formicinae Formica knighti • 
  
•   
  
•   
  
•   
  
•   
Formicinae Formica lasiodes • • • •   • 
 
  • 
 
• •   • • 
 
  
Formicinae Formica pallidefulva • • • •   • 
 
  • 
   
  • 
  
  
Formicinae Formica neogagates • • • •  
  
• • 
   
  • 
  
  
Formicinae Formica rubicunda   • •     
  
• • 
   
  • 
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Formicinae Formica subsericea • • • •   
  
• • 
 
• 
 
  • • •   
Formicinae Lasius alienus • • • •   
 
•   • • • 
 
  • • 
 
  
Formicinae Lasius claviger • • •     
  
• • • 
  
  • • •   
Formicinae Lasius Flavus • • •     
  
• • 
   
• • 
  
  
Formicinae Lasius nearcticus • 
 
•     
  
• • • • 
 
  • 
  
  
Formicinae Lasius neoniger • • • • • 
  
  • 
 
• 
 
  • • • • 
Formicinae Lasius umbratus • • • •   
  
• • 
   
  • 
  
  
Formicinae Nylanderia parvula • 
 
• •   
  
• • • • •   • • 
 
  
Formicinae Nylanderia sp. • 
  
•   
  
• • 
   
  • 
  
  
Formicinae Prenolepis imparis • • • •   
  
• • 
   
  • • 
 
  
Mymicinae Aphaenogaster Picea • • • •   
  
•   
 
• 
 
  • 
  
  
Mymicinae Aphaenogaster Rudis • • • •   
 
•   • • • •   • • 
 
  
Mymicinae Crematogaster Cerasi • 
 
• •   
  
• • 
   
  • • 
 
  
Mymicinae Crematogaster lineolata • • • • • 
  
  • • • •   • 
  
  
Mymicinae Monomorium emarginatum • • • • • 
  
  • 
   
• • 
  
  
Mymicinae Monomorium viridae • 
  
•   
  
• • 
   
  • 
  
  
Mymicinae Myrmica americana • • • •   
  
• • 
  
• • • • 
 
  
Mymicinae Myrmica detrinodis • 
 
•     
  
•   
  
•   • 
  
  
Mymicinae Myrmica puntiventris • • • •   
 
•   • • • 
 
• • • 
 
  
Mymicinae Myrmica scuptilis • • • •   
  
• • 
   
  • 
  
  
Mymicinae Myrmica smithana • • 
 
•   
  
• • 
   
  • • 
 
  
Mymicinae Myrmecina americana • • • •   
  
• • 
   
  • 
  
  
Mymicinae Pheidole Pilifera • 
 
• •   
  
• • 
  
•   • • •   
Mymicinae Solenopsis Molesta • • • •   
  
• • 
   
• • 
  
  
Mymicinae Stenamma brevicorne • • • •   
  
•   
 
• 
 
  • 
  
  
Mymicinae Stenamma schmitti • 
 
•     
  
•   
 
• 
 
  • 
  
  
Mymicinae Temnothorax curvispinosus • • • •   
 
•   • • • •   • • 
 
  
Mymicinae Temnothorax longispinosus • 
  
•   
  
• • • • 
 
  • 
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Mymicinae Temnothorax schaumii   • • •   
  
•   
 
• 
 
  • 
  
  
Mymicinae Tetramorium caespitum • 
 
•     
  
• • 
   
  • • 
 
  
Ponerinae Ponera pennsylvanica • • • •       • •   •     •       
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I observed behavioral interactions for 15 species (Table 6) based on 169 observed 
interactions at the bait stations. Based on our observations I was able to classify 13 of the 
15 species as either “Dominant”, “Submissive”, or “Neutral” interacting species. The 
number of aggressive and neutral interactions at HFLTER did not differ between forest 
and open habitat. However, a larger sample size may increase support for the non-
significant trend (p=0.09) which may suggest that more aggressive interactions may be 
occurring in open habitat at HFLTER. In MSSF there were significantly more aggressive 
interactions in open plots than in forest plots (p=0.05, Table 5), despite there being no 
differences in the total number of interactions between open and forested plots.  The 
number of observed interspecific interactions only considers a subset of the regional 
species pool, however this observational study may be more reflective of the realistic 
interactions between ground foraging ant species of the region, in particular when they 
are competing for a limited, high quality food resource.  
I found that within site nest densities between forested and open plots did not 
significantly differ.  However there were significantly fewer nests in the forested plots at 
HFLTER than in MSSF (p=0.011) but there was no significant difference in nest 
densities between HFLTER and MSSF open plots (p=0.121). The patterns of densities 
may partially explain why richness was significantly lower in HFLTER forest plots and 
than all other plots. I hypothesize that in Massachusetts forests, there exists a positive 
correlation between species richness patterns and local species densities. Furthermore, at 
HFLTER I found significantly more nests in soil in open plots than in forest plots, and 
more nests in leaf litter in forest plots than in open plots (differences in these nesting 
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microhabitats at MSSF were not significant). At MSSF I found more nests in woody 
debris in forest plots than in open plots, and found more nests under rocks in open habitat 
than in forested habitat.  These findings highlight the microhabitats in which ant nests 
were mostly collected and may prove to be important determinants of nesting preferences 
that should be further studied in subsequent studies and may provide important details 
about conservation and management of ants for these forests. 
Nonmetric multidimensional scaling analyses show that local communities in 
forest and open habitat at MSSF and HFLTER are significantly different from each other.  
Species composition in the open sites of MSSF and HFLTER were not different from 
each other as indicated by the overlapping 95% confidence intervals (Figure 11).  In 
contrast, I found that forested plot ant communities at HFLTER and MSSF are 
significantly different from each other, but still more similar to each other than open plot 
communities at either HFLTER or MSSF (Figure 11). The ANOSIM results (R=0.563, 
p=0.001) suggest that a significant amount of variation in ant community composition is 
predictable based on habitat type (i.e. forest vs. open).  
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Figure 11 Nonmetric multidimensional scaling plot.  Depicts plots as solid symbols (solid 
circles = HFLTER forested; squares = MSSF forested; stars = HFLTER open; solid 
triangles = MSSF open). Ellipses show 95% confidence intervals around plot symbols. 
Colored symbols are species classified based on observed behavioral interactions (blue 
hollow circles= submissive species; red hollow triangles= dominant species; green 
crosses= neutral species). 
For the species that were observed interacting at the baits, neutrally interacting 
species were mainly found in forested plots, while aggressive/submissive interacting 
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species were mainly found in open habitat plots (Figure 11). The neutrally interacting 
species that were commonly collected in forested plots included Camponotus 
noveboracensis, C. pennsylvanicus, Lasius alienus, Aphaenogaster picea, Myrmica 
punctiventris, and Temnothorax curvispinosus. This suite of species was exclusively 
collected in forested plots and was not observed in open habitat. The aggressive species 
that dominated open habitat were Lasius neoniger, Crematogaster lineolata, and 
Monomorium emarginatum, and the submissive species that were commonly collected in 
open habitat were Dolichoderus pustulatus, Tapinoma sessile, Formica incerta, and F. 
pallidefulva. These species were more commonly associated with open habitat or edge 
habitat but on occasion Formica pallidefulva was collected in some of our forest pitfall 
trap (a total of 9 individuals from 2 pitfall traps). 
Based on the observed interactions, I hypothesize that competition for food 
resources is also likely to contribute to the structure of communities in open habitat plots 
but this is a question that remains to be tested in future studies. It is also likely that in 
northern latitudes, environmental variables such as temperature can interfere with how a 
species behaves, such that, in open habitats a species may be less thermally constrained 
and subsequently more behaviorally aggressive. I observed this to be the case with edge 
species like Formica subsericea which was predominantly neutrally interacting in 
forested plots but could occasionally be aggressive in open plots. Behavioral shifts have 
been noted to be context dependent and should be further experimentally studied in 
species like F. subsericea which commonly occurs in both habitat types, to identify the 
exact mechanisms that cause behavioral shifts. 
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The data compiled here suggest that both forested and open habitat is necessary 
for maintaining ant biodiversity. The forests of HFLTER and MSSF are unique in their 
species composition (Figure 11), but those of MSSF support far more species (Table 6, 
Figure 11). Open habitat is particularly important in HFLTER since this habitat supports 
up to five times the number of species than that at forested habitat (Table 6, Figure 10), 
including ecologically important species (e.g. Aphaenogaster picea, Formica spp.). Open 
habitat in MSSF is also important because the community structure (not species richness) 
is different in forest and open plots (Figure 11) and so maximizing biodiversity 
conservation requires the appropriate management for both habitat types. It is also 
important to note that the pine barren habitat of MSSF is rare in the northeastern U.S. and 
is home to many species of conservation concern (Motzkin et al., 1996; Motzkin & 
Foster, 2002; Woolsey et al., 2011). As an example MSSF is one of few sites in the 
northeastern U.S. where rare ant species like Formica knighti, Monomorium viridae and a 
new species of socially parasitic Nylanderia have been collected (Ellison et al., 2012). 
While the forest type at HFLTER is more common in the New England landscape, 
conservation efforts should consider that the maintenance of early-successional open 
habitat is necessary for optimally managing ant biodiversity, which has been a topic 
considered in the conservation efforts of bird species (DeGraaf & Yamasaki, 2003) but 
never considered from the perspective of invertebrate conservation for the region.  
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CHAPTER 4 
ANT–MEDIATED ECOSYSTEM FUNCTIONS ON A WARMER PLANET: 
EFFECTS ON SOIL MOVEMENT, DECOMPOSITION AND NUTRIENT 
CYCLING 
Chapter Summary   
Direct and indirect consequences of global warming on ecosystem processes 
mediated by animals remain understudied. Among animals, invertebrates are 
taxonomically diverse and responsive to temperature. We used a field warming 
mesocosm experiment to evaluate impacts of warming (≤5 °C) and the presence of ants 
on decomposition rate, soil movement, soil respiration, and nitrogen availability. We 
compared the effects of ants to the effects of earthworms, manual soil manipulation, and 
an undisturbed soil treatment on these same four ecosystem processes. Soil movement 
and soil respiration increased in the warming and ant treatments (soil movement: 73 – 
119%; soil respiration: 37 – 48%), while decomposition rate and nitrogen availability 
tended to decrease in the warmest treatments (decomposition rate: -26 – -30%; nitrate 
availability: -11 – -42%). Overall, these ecosystem processes did not differ among 
undisturbed controls, manual soil manipulations, or soils with added earthworms. Finally, 
path analyses indicated that ants had significant direct and indirect effects on the studied 
ecosystem processes. The results suggest that ants may be moving more soil and building 
deeper nests to escape increasing temperatures, but their direct and indirect effects on soil 
ecosystem processes under current temperatures may disappear as warming increases.  
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Introduction 
Most of our understanding of the importance of biological diversity for mediating 
ecosystem processes and services comes from research done using plants or incompletely 
characterized microbial assemblages (Mace et al., 2012); the role of consumers in 
mediating ecosystem processes remains understudied (Hooper et al., 2005).  Some 
animals are known to have key direct and indirect roles in major ecosystem processes 
(Bardgett & Wardle, 2010). For example, terrestrial invertebrates directly influence 
decomposition (e.g., shredding of detritus: (Wall et al., 2008) and soil modification (e.g., 
burrow construction: (Kuiper, de Deyn, Thakur, & van Groenigen, 2013)), thus indirectly 
affecting nutrient cycling and availability (Nielsen, Ayres, Wall, & Bardgett, 2011; 
Prather et al., 2012). These roles may change in magnitude and sign because of climatic 
change, potentially leading to changes in ecosystems functions and services (sensu 
Cardinale et al.(2012)). However little is known about the effects of climatic change on 
animal-mediated ecosystem processes and services (Grimm et al., 2013; Staudinger et al., 
2012).  
Among ground-dwelling invertebrates, ants are an ideal taxon to use in 
experiments designed to evaluate impacts of climatic warming on animal-mediated 
ecosystem processes at the air-soil interface. Ants can directly alter soil movement and 
decomposition rates, and indirectly affect soil nutrient dynamics (Israel Del Toro et al., 
2012; Wardle et al., 2011). Ant activity, abundance, and diversity also respond rapidly to 
local changes in temperature (Pelini et al., 2011).  However the additive or interactive 
effects of warming and ants on ecosystem processes remain largely unexplored. 
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 Here, we describe results from a field-based mesocosm experiment designed to 
assess how warming induces changes in the activity of the ant species Formica 
subsericea Say that subsequently alter rates of soil movement, decomposition of leaf 
litter, soil respiration, and nitrogen availability. We predicted that in warmer treatments, 
increased ant activity would increase (1) soil movement; (2) active shredding of leaf litter 
and its decomposition; (3) soil respiration rate; and (4) nitrogen availability. Because 
earthworms are generally viewed as “creators of soil”  (Darwin, 1882) and are known to 
rapidly increase nutrient cycling and influence other ecosystem processes in northern 
hardwood forests(Bohlen et al., 2004; Fahey et al., 2013), we also compared effects of 
ants in different warming treatments to effects of the European earthworm (Lumbricus 
terrestris L.) on the same processes.  
 
Methods 
Experimental design 
 The experiment was a fully factorial experimental design with two levels of 
warming (+3.5 °C and +5 °C set-points) crossed with four treatments of soil 
manipulation. Individual experimental units were 19-L mesocosms. The warming 
temperatures represented expected summer temperature increases for eastern North 
America by 2100 under two different climatic change scenarios (i.e. +3.5 ˚C, RCP6.0 
scenario and +5.0 ˚C, RCP8.5 scenario; (Deser, Knutti, Solomon, & Phillips, 2012; 
IPCC, 2013)). Four soil movement treatments were applied to the mesocosms: 1) addition 
of ants (Formica subsericea: N = 96 [2011]; N = 82 [2012]); 2) addition of European 
earthworms (L. terrestris: N = 12 [2012 only]); 3) a disturbance control, in which every 
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week, the upper 3-5 cm of the top soil layer was manually overturned the with a trowel 
and the bottom soil layers were aerated with a 25-cm pick (N = 12 [2012 only]); and 4) 
undisturbed controls (N = 15 [2011]; N = 24 [2012]) The experiment ran for 30 days in 
2011 (June − July) and 85 days in 2012 (May − July).  
This experiment was established in 2011 and repeated in 2012 in outdoor lathe 
houses at Harvard Forest, Petersham, Massachusetts. In 2011 we used 87 mesocosms (29 
per temperature treatment) and in 2012 we used 132 mesocosms (44 per temperature 
treatment). In 2011, mesocosms in each treatment were then divided into two soil 
manipulation treatments, mesocosms with ants (N = 24) and mesocosms without ants (N 
= 5). We used four soil manipulation treatments in 2012, mesocosms with ants (N = 27) 
and without ants (N = 9), mesocosms where soil was manually moved every week with a 
trowel (N = 4) and mesocosms where soil was moved by earthworms (N = 4). The 
experiment to run for 30 days in 2011 (June to July) and 85 days in 2012 (May to July).  
 
Figure 12. Diagram of mesocosm (labels explained in text below). 
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Each mesocosm was contained in a 19 L plastic bucket (Fig. 12). The containers 
were filled with three layers of soil. The lowest layer (A in Fig. 12) consisted of 2.0 L of 
1.2-cm sized gravel and 2.0 L of sand; the middle layer (B in Fig. 12) consisted of 5.5 L 
of sand and 2.0 L of gravel; and the top layer consisted of 2.0 L of sand and 2.0 L of heat 
treated compost (C in Fig. 12). We drilled eight 1-mm diameter holes at the base of each 
mesocosm to allow excess water to drain out (D in Fig. 12). The top 2 cm of each 
container were coated with petroleum jelly to prevent the ants or earthworms from 
escaping the mesocosm. We cut a 14-cm diameter hole on each of the mesocosm lids and 
covered the opening with 1-mm fiberglass mesh (E in Fig. 12). The mesh allowed 
ambient humidity and the heat from the lamps to penetrate the mesocosm. The mesh also 
excluded any potential predators and seeds and helped keep the ants or earthworms in the 
container. Temperature sensors were placed in the middle of each soil layer, by drilling 5-
mm diameter holes and inserting thermocouples into the mesocosm. The holes were then 
completely sealed with silicone (F in Fig. 12). Mean hourly temperature, maximum 
temperature and minimum temperature were recorded on a data-logger CR1000 every 
hour (Campbell Scientific, Logan, Utah, USA) and downloaded weekly. Humidity was 
recorded using a HydroSense water content sensor CD620 (Campbell Scientific) and 
monitored three times every week to make sure that all treatments remained at a constant 
soil moisture (5 – 8% soil moisture content). If soil moisture in the mesocosms dropped 
below 5% they were watered for 5 minutes with a sprinkler irrigation system. This only 
occurred three times in the +5 °C warming treatment and once in the +3.5 °C warming 
treatment throughout the duration of the experiment.  
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The mesocosms were actively warmed using 250-Watt infra-red heat lamps 
(Phillips 250W, 120 volt heat light) (G in Fig. 12). To achieve a mean temperature 
increase of 3.5 °C the lamps were hung 120 cm above the surface of the mesocosm. To 
achieve a mean temperature increase of 5 °C the lamps were hung 60 cm above the 
surface of the mesocosm. Lamp bulbs were replaced throughout the experiment as 
needed. One lamp evenly heated four mesocosms, so we clustered the mesocosms in 
groups of four; the distribution of the soil treatments was randomized in each temperature 
treatment.  Actual mean temperatures experienced within each mesocosm in the “+3.5 °C 
treatment” ranged from 0.5 − 3.9 °C warmer than controls, whereas the “+5 °C 
treatment” ranged from 1.7 − 6.7 °C warmer than controls (Fig. 13), with the largest 
temperature differences occurring in the coolest and warmest times of the day.   
We measured decomposition by placing two bags of leaf litter on top of the soil in 
each mesocosm. Each bag contained 1 g of dried (70 °C for 72 hr) red maple (Acer 
rubrum L.) leaves + 1 g of dried red oak (Quercus rubra L.) leaves. One litter bag 
excluded ants because of the size of the openings on the fiberglass mesh (1 mm), while 
the second bag allowed ants access to the litter as the openings in the mesh were larger 
(10 mm) (H in Fig. 12).  Soil respiration (CO2 flux) was measured for 5 min every 7 d in 
2011 and every 14 d in 2012 using a portable infra-red gas analyzer (LI-COR 6400, LI-
COR Biosciences, Lincoln, Nebraska) with a soil flux chamber (LI-COR 6400-09) placed 
on a PVC collar (20-cm diameter, 5-cm deep) half-buried at the soil surface in a subset of 
the mesocosms (N = 38 [2011]; N = 72 [2012]) (I in Fig. 12).  
To measure nitrogen availability, we used the following protocol: approximately 
5 g of resin was placed in a nylon mesh bag and pretreated with 2 mol L-1 KCL before 
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they were placed in the mesocosms. Resin bags were placed 3 cm below the surface of 
the soil and left in the mesocosm for the duration of the experiment during the 2012 
season (K in Fig. 12). Resins were returned to the laboratory and dried at 105˚C for 24 
hours. To determine NH4-N and NO3-N concentrations, resins were extracted in 100mL 
of 1 mol L-1 KCL for 48 hours. Resin extracts were filtered through a coarse pore filter 
(0.45-0.60 µm), and inorganic N concentrations were determined calorimetrically with a 
Lachat AE flow-injection auto-analyzer (Lachat Instruments, Inc., Loveland, Colorado, 
USA) using the indophenol-blue and cadmium reduction methods for NH4, and NO3 
respectively. 
We collected ant colonies from sandy soils at three localities in central 
Massachusetts, the Montague Pine Barrens(42.569 ˚N, -72.536 ˚W), the Devens Pine 
Barrens (42.452 ˚N, -71.641 ˚W), and Myles Standish State Forest (41.839 ˚N, -70.691 
˚W). Each mesocosm was established with 100 workers from independent ant colonies; 
no queens were collected or used in the mesocosms. The ants were fed with a 5% sugar 
and 5% glutamine solution, which mimics honeydew, stored in a 50-ml vial and replaced 
on a weekly basis (Fig.12 L). Earthworms also were collected at the Montague Pine 
Barrens; a total of 20 similarly sized (2 – 3-cm long) earthworms were placed into 
earthworm-treated mesocosms. We used earthworm densities that are consistent with 
observed densities in northern hardwood forests (Hopfensperger, Leighton, & Fahey, 
2011).   
In the disturbance control mesocosms, soils were manipulated manually to 
separate the effects of physical disruption of soil structure and soil aeration from the 
effects mediated by ants and their corresponding biological interactions.  
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The ant Formica subsericea is a common and widely distributed species that 
builds large nests in soils. Its large colonies (hundreds to > 10,000 workers) typically are 
found in edge and open habitats throughout eastern North America (Ellison et al., 2012). 
The genus Formica has a Holarctic distribution and many of the species in the diverse 
and widespread fusca group (which includes F. subsericea) of this genus share similar 
natural history traits to those of F. subsericea (Gösswald, 1989). We expect, therefore, 
that the results from our experiment may apply to many north temperate-zone soils where 
Formica species occur.  
Ecosystem processes 
 We measured decomposition rate by placing two fiberglass mesh bags filled with 
leaf litter on top of the soil in each mesocosm. Each bag contained 1 g of dried (70 °C for 
72 hr) red maple (Acer rubrum L.) leaves + 1 g of dried red oak (Quercus rubra L.) 
leaves. One litter bag excluded ants because of the size of the mesh (1-mm), while the 
second bag allowed ants access to the litter (mesh size = 10-mm). At the end of the 
season, litter bags were removed from the mesocosms; the remaining litter was dried (70 
°C for 72 hr) and weighed (± 0.001g). 
Soil respiration (i.e., CO2 flux) was measured for 5 min every 7 d in 2011 and 
every 14 d in 2012 using a portable infra-red gas analyzer (LI-COR 6400, LI-COR 
Biosciences, Lincoln, Nebraska) with a soil flux chamber (LI-COR 6400-09) placed on a 
PVC collar (20-cm diameter, 5-cm deep) half-buried at the soil surface in a subset of the 
mesocosms (N = 38 [2011]; N = 72 [2012]). We used linear interpolation and integration 
(based on the relationship between measured soil temperature and CO2 flux) to estimate 
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the amount of CO2 produced per day over the course of the experiment each year (Savage 
et al. 2013).  
We determined the total amount of nitrogen captured (NH4+ and NO3-) using ion-
exchange resin bags placed in each mesocosm (Maynard, Kalra, & Crumbaugh, 2008). 
Nitrogen mineralization is a reliable predictor of soil productivity (Raison, Connell, & 
Khanna, 1987), and is the process by which organic nitrogen is converted to ammonium 
(NH4+). Total nitrogen capture is closely correlated with nitrogen mineralization (Strader, 
Binkley, & Wells, 1989), and given the mesocosm design, we consider total nitrogen 
capture to be a reasonable proxy for nitrogen mineralization. Net nitrogen capture was 
determined by subtracting the concentration of inorganic nitrogen (NH4+ + NO3-) in the 
incubated samples from that of the initial samples (Morecroft, Marrs, & Woodward, 
1992). High net nitrogen capture indicates high levels of microbial activity in the soil 
(Chapin, Matson, & Mooney, 2002).  
We estimated the amount of soil moved by F. subsericea by sacrificing the colony 
at the end of the experiment and creating a three-dimensional casting of the nest using 
paraffin (Gulf Wax®, Royal Oak, Roswell, GA) as described by Tschinkle (2010). We 
estimated the volume of soil displaced from the weight of the cast and the density of the 
paraffin (0.9 g/cm3). We also recorded the maximum depth (cm from the surface) for 
every cast. 
Data analysis 
 We used Analysis of Variance (ANOVA) and post-hoc pairwise comparisons to 
test the effects of warming and different forms of soil alteration on direct and indirect 
ecosystem processes (soil movement, decomposition rate, soil respiration, and nitrogen 
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availability) (R code and detailed outputs are in Appendix 2). We divided the processes 
into two categories, those directly mediated by ants and those indirectly affected by the 
ant × treatment interaction. We define direct processes as those where the ants come in 
direct contact with the substrate (e.g., soil moved or litter shredded) and indirect 
processes as those where the consequence of a direct effect alter the process in question 
(e.g., soil respiration is influenced by soil moved and nitrogen capture is influenced by 
shredded or decomposed litter).  
We used partial least squares path modeling (plspm) analysis to evaluate the 
direct and indirect effects of warming and the presence and absence of ants on soil 
movement, decomposition, soil respiration and nitrogen availability (plspm package 
(Sanchez, 2013) of R version 3.03; code and detailed outputs in Appendix 3). 
Experimental replication and statistical power was higher for the ant addition and 
unmanipulated control treatments, and these were used in the plspm analysis. In contrast, 
replication and power were lower in the earthworm additions and disturbance control 
treatments, and so these were not used in the plspm analysis. 
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Results  
Direct effects of ants on ecosystem processes 
 
Figure 13. Mean surface temperature variation in mesocosms in 2011 (A) and 2012 (B). 
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In 2011, soil-surface temperatures ranged from 11 – 31˚C in the control treatment, 
whereas the soil surface in the warmest treatment reached a maximum of 38 ˚C. In 2012, 
soil-surface temperatures ranged from 5 – 32 ˚C in the controls and reached a maximum 
of 40 ˚C in the high temperature treatment (Figure 13). In both 2011 and 2012, ants 
displaced significantly more soil (P < 0.001; Figs. 14A, 14B) and built deeper nests in the 
warmer treatments than in the controls (?̅? = 15.5 ± 0.8 [SD] cm) in the controls; 22 ± 1.2 
cm in the +3.5 ˚C treatment; 23 ± 1.2 cm in the +5 ˚C treatment, P < 0.01 [2011]; and P 
= 0.03 [2012]). Ants actively foraged inside the 10-mm decomposition bags, shredding 
leaf litter and carrying leaf particles back to the nest, but we did not observe similar 
foraging in the 1-mm mesh bags. Decomposition was higher in the 10-mm mesh bags 
than the 1-mm mesh bags (44% more litter loss in 2011, and 61% more litter loss in 
2012; P < 0.001), and litter loss decreased with increasing temperature (Figs. 14C, 14D; 
84% decrease, P < 0.0001 [2011]; 52% decrease, P = 0.002 [2012]). In 2011 there was a 
significant ant × warming interaction in leaf-litter-mass lost, with less litter lost in the 
warming treatments (Fig. 14C). In 2012 this interaction was not significant, but the trend 
was in the same direction (Fig. 14D, P = 0.09). Decomposition was highest in the 
controls in 2012, and there were no significant differences among the ant addition, 
earthworm addition, or undisturbed warming treatments (Fig. 14D). 
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Figure 14 Interaction plots of the direct effects of ants on soil movement (A, B) and 
decomposition (C, D) in 2011 (A,C) and 2012 (B,D). Values shown are means ± 1 
standard error of the mean. Line and symbol colors indicate ant additions (black); 
earthworm additions (orange); disturbance controls (blue); and undisturbed controls (red). 
In C and D, solid lines denote the 10-mm-mesh decomposition bags and dashed lines 
denote the 1-mm-mesh decomposition bags. 
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Indirect effects of ants on ecosystem processes 
 In both 2011 and 2012, the presence of ants was associated with an ≈25% 
increase in soil respiration rate (P < 0.01 [2011]; P < 0.05 [2012]; Figs. 15A, 15B). In 
contrast, we observed an effect of warming on soil respiration rate only in 2012: soil 
respiration rate was 38% higher in the +3.5 ˚C treatment and 28% higher in the +5 ˚C 
warming treatment than in the control (P = 0.30 [2011]; P < 0.01 [2012]; Figs. 15A, 
15B). In 2011 there also was a significant ant × warming interaction (Fig. 15A), but this 
interaction was not observed in 2012 (Fig. 15B).  
Ammonium (NH4+) concentration in mesocosms with ants decreased 74% as 
temperature increased (P<0.01, Fig. 15C), but there were no effects of temperature on 
NH4+ concentrations in the empty mesocosm controls, disturbance controls, or earthworm 
additions. There was a significant soil treatment × warming interaction: as NH4+ 
concentrations in the ant mesocosms decreased in the warmer treatments, NH4+ 
concentrations in the manual manipulation and the empty controls increased (P < 0.01, 
Fig. 15C).  
Similarly, when ants were present, nitrates (NO3-) tended to decrease to 
undetectable amounts with warming (P = 0.09, Fig. 15D). Although NO3- concentrations 
were highest when ants were present in unheated mesocosms (P = 0.04; Fig. 15D), there 
were no differences in NO3- concentrations among mesocosms heated to either +3.5 or 
+5.0 ˚C. The unusually large variation in elevated NH4
+ and NO3- concentrations (59% 
increase of NH4+ and 85% increase of NO3-) in the +3.5 ˚C soil treatment with earthworm 
additions likely reflects the low sample size in this group (N = 4).  
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Effects of ants, warming, and their interaction on NH4+ and NO3- resulted in 
significant effects on total available nitrogen (P < 0.01). In particular, when ants were 
added to unheated mesocosms, nitrogen capture (a combination of mineralization and 
total nitrogen) was four times higher than in empty mesocosms, disturbance controls, or 
earthworm additions.  These differences were much less pronounced in warmed 
mesocosms and were driven largely by NH4+ concentrations. 
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Figure 15 Interaction plots of the indirect effects of experimental treatments on soil 
respiration (A: 2011; B: 2012) and nitrogen availability (C: NH4 in 2012; D: NO3 in 
2012). Line and symbol colors as in Figure 14. 
Path analyses 
 In both years, warming had direct negative effects on litter decomposition but the 
presence of ants increased decomposition rates in the 10-mm bags (Figs. 16A, 16B). 
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Little of the variation in litter decomposition was explained by the ant × warming 
interaction in 2012 (Fig. 16B). Ants had strong direct effects on the amount of soil 
moved, which led to strong (indirect) effects of ants on daily CO2 flux. The indirect 
effects of ants were greater than the effects of warming on CO2 flux in 2012. Ants also 
had indirect effects on nitrogen availability: NH4+ concentration and NO3- were affected 
by the negative relationship with warming, and NO3- was positively affected by NH4+ 
concentrations (Fig. 16B). 
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Figure 16 Path analysis of warming and ant effects on ecosystem processes in 2011 (A) 
and 2012 (B). Each box represents a measured predictor or response variable. Arrows 
show the hypothesized cause and effect relationships between the variables, and line 
width is scaled by the loading coefficients. Red lines indicate negative relationships, and 
black lines indicate positive relationships. Dashed lines indicate relationships where 
indirect effects were greater than direct effects. Coefficients of determination (R2) are 
reported in boxes with response variables.  
Discussion 
 Global climatic changes are likely to impact ecosystem processes and services 
mediated by arthropods, but the cascading and interacting effects of climate change on 
arthropods and ecosystem functions remain understudied. Our results illustrate that ants 
can strongly influence soil movement and soil respiration, at both current and projected 
temperatures, but effects of ants on decomposition, and nitrogen availability that are seen 
at current temperatures (e.g., (Israel Del Toro et al., 2012; Prather et al., 2012)) are much 
reduced in warmer temperatures. 
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Nest building serves various functions for ant colonies, one of which is 
hypothesized to be the thermoregulation for the worker ants and their brood (Jones & 
Oldroyd, 2006; Kadochová & Frouz, 2013). This hypothesis posits that nests are 
excavated to a size and depth where preferable temperatures for brood and workers exist. 
In our experimental mesocosms, ants built larger and deeper nests in heated soils, a 
finding that supports the thermoregulation hypothesis. Formica subsericea has a 
maximum thermal tolerance of 40 ˚C (Oberg et al., 2011) (and escaping from heat is an 
important function of nests, especially during the hottest time of the year, when surface 
temperatures can exceed 40 ˚C and when this experiment was conducted. 
 Ants decomposed more leaf litter under ambient temperatures, and up to 84% less 
in warmer treatments. In fact, litter decomposition rates in the +5 °C mesocosms with 
ants was no different from litter decomposition rates in mesocosms without ants. 
Decreased decomposition in the warmed treatments may be attributable in part to 
desiccation caused by the infra-red heat lamps, but the significant warming × soil 
treatment term also may indicate that ants reduced their surface activity in the warming 
treatments (see also Diamond et al. (2012), resulting in less litter shredding. We suggest 
that ants directly affect decomposition by actively shredding leaf litter and that this 
decomposition mechanism may change under future warming conditions. This pattern 
may apply to many of the species in the genus Formica as they often use leaf litter 
material in their nest construction (Gösswald 1989, Kadochová and Frouz 2013).  
In contrast, Wardle et al. (Wardle et al., 2011) observed that decomposition rate 
increased when ants were excluded. Our results could have differed from those presented 
in Wardle et al (2011) because of potential (i.e., unmeasured) differences in soil quality 
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and microbes. The sandy soils we used typically have low water retention and osmotic 
potential (Chowdhury, Marschner, & Burns, 2011) and species-poor microbial 
communities. Wardle et al. (2011) did their work in the field, with moister forest soils 
that support a much richer soil microbial fauna. Finally, the warming component of our 
experiment also may have affected lower trophic levels, and other recent experiments 
have found that ants can alter indirectly decomposition rates by changing the food-web 
structure of soil microarthopods (McGlynn & Poirson, 2012). Future studies should focus 
on the interactions between warming, the presence of ants, microarthopods and microbial 
community structure. 
 We consider the effect of ants on soil respiration an example of an indirect ant-
mediated ecosystem process (Israel Del Toro et al., 2012). In heated mesocosms, soil 
respiration increased when ants were present but stayed the same or decreased when 
earthworms were present or when the soil was manually disturbed. Ants may affect soil 
respiration indirectly in at least two ways. By increasing soil movement, ants can 
oxygenate soils, changing microbial community structure and increasing respiration rates 
(DeAngelis, Silver, Thompson, & Firestone, 2010). In addition, soil movement by ants 
increases soil porosity and possibly water retention (Cammeraat & Risch, 2008), leading 
to increased respiration when coupled with warming. The well-drained substrate in our 
mesocosms kept soil moisture low (generally <8%) but even a slight change in soil 
porosity and water retention can lead to changes in microbial communities and ultimately 
explain the increased respiration rates observed in our experiment. In another recent 
study, soil respiration rates in the presence of Formica polyctena were higher in ant nests 
than in soils with no ants (Jílková & Frouz, 2014). In that experiment, increased 
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respiration rates in ant nests may be partially attributable to honey-dew inputs that can 
stimulate microbial communities in the nest soil (Jílková and Frouz (2014). We note that 
ant colonies in our mesocosms were fed a honey-dew solution which may also have 
contributed to increased microbial activity and associated respiration rates in mesocosms 
with ants. 
 Ants also indirectly affected nitrogen availability. In ant mesocosms, NH4+ and 
NO3- concentrations decreased with temperature relative to empty and manually 
manipulated soils mesocosms. Zelikova et al. (2011) found an initial decrease in NH4+ 
availability when ants were excluded in the field, but Ohashi et al. (2007) found that 
wood ants (in the Formica rufa group) increase the availability of nutrients for plants. We 
also found higher concentrations of nitrogen in mesocosms to which ants were added. 
Because our study was conducted as an experimental mesocosm manipulation, we were 
able to limit the effects of potentially confounding factors on the influence of ants on 
nitrogen availability. But these effects are likely to change when ants interact with other 
invertebrates and indirectly affect microbial communities in more complex field 
conditions and a variety of soil types (e.g. Zelikova et al. (2011). Furthermore, the 
significant warming × soil treatment effect on NH4+ that we observed suggests that the 
role of ants in indirectly mediating nitrogen availability is likely to change as temperature 
increases. In particular, nitrogen may be less available for plants under future warmer 
climates if the role of ants on nitrogen availability diminishes. 
Collectively, the results from this experiment suggest that in a warming climate 
the direct and indirect effects of ants, and potentially other animals living at the soil-air 
interface, on biogeochemical cycles may be disrupted. The direct consequences of 
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warming on ant-mediated processes such as soil movement and decomposition are likely 
to alter the functional role of ants in the northern temperate zone.  Future work should 
examine the effects of ant-mediated soil movement and decomposition and their 
interactions with warming on microbial community structure and function in order to 
better understand the ultimate mechanisms that drive the carbon and nitrogen patterns 
detected in this experiment. We expect that climatic change will also impact eastern 
North America by increasing precipitation and temperature (IPCC, 2013), and the 
interaction of changing precipitation on ant-mediated ecosystem processes should be a 
priority for future research. Finally, future studies should consider the impacts of the 
changes in these ecosystem processes on productivity and the use and uptake of nutrients 
made available by ants to primary producers, so that the effects of ants on ecosystem 
processes can be scaled up.  
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CHAPTER 5 
PREDICTING THE IMPACTS OF CLIMATIC CHANGE ON ANT 
FUNCTIONAL DIVERSITY AND DISTRIBUTIONS IN EASTERN NORTH 
AMERICAN FORESTS 
 
Chapter Summary 
 Climatic change is expected to rearrange communities and ultimately affect 
organism-mediated ecosystem processes. Here we focus on identifying the patterns and 
relationships between species richness and functional diversity. We then show how these 
patterns may change at local and regional scales in future climatic conditions and 
interpret how these changes might influence ant-mediated ecosystem processes. We used 
a previously published dataset to evaluate functional diversity at 67 sites in the eastern 
U.S and quantified 19 functional traits for 70 common ant species in the region. We used 
functional diversity metrics, functional groups and species distribution modeling methods 
to address our aims. We used stacked species distribution models and stacked functional 
group models to predict community composition and functional richness at the 67 sites 
and at a regional scale for current and future climatic conditions. Our findings suggest 
that species richness and functional diversity are correlated throughout the region. We 
show that in future climates, species richness and functional group richness may decrease 
in southern ecoregions and increase in northern ecoregions. We also show that not all 
species or functional groups will respond to climate change in the same way. 
 110 
 
Decomposers, community regulators and seed dispersers may be the most threatened ant 
functional groups.  
In this study we have combined functional diversity analyses and species distribution 
models to predict which functional groups and species might be most affected by regional 
climate change in eastern North America.  High turnover in species richness and 
functional diversity may lead to key consequences on ant-mediated ecosystem processes 
and services.  
Introduction  
Global climatic change threatens ecosystems by altering community structure of 
organisms (Bellard, Bertelsmeier, Leadley, Thuiller, & Courchamp, 2012b; Hannah et al., 
2002; Lavergne, Mouquet, Thuiller, & Ronce, 2010). As species shift their distributions 
or change in abundances, in response to climatic change, novel communities are likely to 
be assembled (Lurgi, Lopez, & Montoya, 2012; Williams & Jackson, 2007). These 
anticipated changes in biogeographic patterns also may result in changes in functional 
diversity and alterations to organism-mediated ecosystem services and processes 
(Cardinale et al., 2011; Montoya & Raffaelli, 2010; Prather et al., 2012). However, the 
majority of biogeographic studies linking climatic change to changes in biodiversity 
patterns are species-centric: they typically consider the impact of climatic change on the 
distribution of one or more individual species. In contrast, the impacts of climatic change 
on functional roles of species or entire assemblages are rarely considered (McMahon et 
al., 2011).  
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 Two methods are used commonly for assessing effects of climatic change on 
large-scale biodiversity patterns and to predict effects of climatic change on functional 
diversity and ecosystem services: 1) empirical data collection along environmental 
gradients; 2) species distribution models that describe how suitable habitat for individual 
species is likely to change in response to future climatic conditions (Janet Franklin, 
2009). Data collected on species assemblages along environmental gradients can be used 
as spatial surrogates for gradually changing environmental conditions (De Frenne et al., 
2013; Lavergne et al., 2010) and species distribution models are used to forecast how one 
or more species may respond to changing environments (J Franklin, 2010). Both of these 
approaches have yielded valuable insights into how individual species or entire 
assemblages are likely to change under gradually changing climatic and environmental 
conditions (De Frenne et al., 2013). However, it is difficult to evaluate how changes in 
species composition will translate to changes in functional diversity (i.e the value and 
range of those species and organismal traits that influence ecosystem functioning 
(Tilman, 2001)) .  
Some taxonomic groups are made up of diverse functional groups that provide a 
number of ecosystem services, (e.g. plants, birds, beetles and ants).  Among these, the 
ants (Hymenoptera: Formicidae) occur in nearly all habitats on Earth, are  extremely 
diverse, with nearly 13000 described species globally (Ward, 2010), and comprising of 
approximately 200 species in the northeastern United States (Ellison et al., 2012), and are 
responsible for multiple ecosystem services and processes (Israel Del Toro et al., 2012). 
Ants, therefore, are an ideal taxon to examine in large-scale, biogeographic studies to 
evaluate and predict effects of climatic change on functional diversity and ecosystem 
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processes. Ant functional diversity often has been viewed in terms of classifying ants into 
functional groups that categorize species based on taxonomic relatedness, habitat 
preferences (or environmental tolerance) and their behavioral interactions with other 
species in their communities (Alan N. Andersen, 1995; Ellison, 2012). However recent 
advances in understanding functional diversity integrate natural history information with 
other quantitative data to better characterize functional diversity and classify organisms 
into more meaningful functional groups (Laliberté & Legendre, 2010). By integrating 
natural history traits functional diversity measures help close the gap between ecosystem 
functioning and community ecology (Mouchet, Villéger, Mason, & Mouillot, 2010).  
 Here, we apply a new functional-group classification to ants of eastern North 
America and assess how ant species richness and functional diversity are likely to be 
affected by regional climatic change. We use stacked species distribution models (S-
SDMs) and stacked functional group models (S-FGMs) to identify geographical regions 
where there is either high or low redundancy of different functional groups.  We also 
identify how species richness, and functional diversity will respond to future climatic 
conditions.  
Methods 
Study region and ant community data 
 We used data from a previous study in which ants were sampled systematically 
along an elevational and latitudinal gradient at 67 sites in the eastern United States 
(Israel Del Toro, 2013). Although Del Toro (2013) identified 92 different species at 
the 67 sites, we use only 70 of these species here: those for which we have 
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distribution, abundance, and trait data. Abundance data were extracted from the site × 
species matrix of the 2010 study for the 70 species of interest (data available online: 
http://www.plosone.org; DOI: 10.1371/journal.pone.0067973). We use the number of 
incidences – i.e., the number of pitfall traps in which a species was collected – as our 
measure of abundance. Each incidence likely corresponds to an independent nest (the 
unit of abundance for ants:(N.J. Gotelli et al., 2011)) because traps were separated by 
10 m – more than the average foraging distance of a single colony – across two 
transects at each site. Because there were a total of 40 pitfall traps at each site, the 
maximum abundance per species per site = 40. 
Trait data and functional diversity analyses  
 We used the FD package version 1.0 (Laliberté & Legendre, 2010) in R version 
3.0.3 (R Development Core Team 2014) to calculate functional diversity indices. 
Specifically we used the dbFD function to calculate Rao’s Q and FEve. Rao’s Q is the 
appropriate measure for functional diversity in this study as this metric takes into account 
the sum of the pairwise distances between this suite of commonly distributed species 
weighted by their relative abundances throughout our 67 sampling sites (Rao, 1982), and 
FEve is a metric of functional evenness (Villéger, Mason, & Mouillot, 2008). We also 
used this function to visually evaluate a dendrogram that grouped all of the species into 
functional groups based on trait similarities. Discussion with myrmecologists and our 
own field observations further refined these functional groups. We then grouped the 
species into ten functional groups based on the similarity of their traits (see Appendix 4 
for data and dendrogram, Table 7). 
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Table 7 summarizes the traits used to cluster functional groups, as well as the main 
functional processes mediated by species in any given group. 
Group Description Primary Functional Role  
1 medium body sized, soil dwelling, omnivorous, warm 
climate and widespread, open and sandy habitat 
Formicinae species 
Soil movers  
2 large body sized, omnivorous, wood dwelling, forest and 
edge Camponotus species 
Wood decomposers  
3 medium body sized, omnivores, grass and soil dwelling, 
widespread, edge and forest habitat Dolichoderinae. 
Invertebrate community 
regulators 
4 large body sized, omnivores, soil dwelling, social 
parasitic, dominant, forest and edge Formica species  
Ant community regulators 
5 large body sized, medium sized colonies, omnivores, 
submissive forest and edge Formica species 
Soil movers 
6 large body sized, omnivores, soil dwelling, non-parasitic, 
dominant Formica species 
Soil movers 
7 medium to large body sized, omnivorous, seed 
dispersing, forest and edge habitat, Myrmicinae some are 
behaviorally dominant 
Seed dispersers  
8 medium body sized, omnivores, soil dwelling, warm 
climate/widespread, forest habitat, Myrmicinae 
Decomposers  
9 small body sized, small colonies, omnivores, soil 
dwelling, warm climate/widespread, open habitat, 
Myrmicinae 
Decomposers  
 
10 small body sized, small colonies, predators, warm 
climate/widespread, often litter species 
Invertebrate Community 
regulators  
 
Ant functional diversity has often been viewed in terms of classifying ants into 
functional groups which aim to categorize species based on their roles in their respective 
ecosystems or behavioral interactions with other species in their communities (Ellison, 
2012). Here we compiled taxonomic, morphometric, and natural history, information for 
the 70 species of this study to identify the major functional groups of ants in the 
northeastern U.S. We focused our functional group classification into traits that directly 
influence major ecosystem processes mediated by ants, 1) soil movement 2) 
decomposition, 3) seed dispersal, 4) invertebrate and plant community regulation. We 
limited our selection of traits to those which are important for the ecosystem processes of 
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interest  and avoided any traits which may be functionally uninformative as suggested by 
Petchey and Gaston (2006). We used two taxonomic traits, three morphometric traits and 
nine natural history traits which were mined from three main sources, A field guide to the 
ants of New England (Ellison et al., 2012), and  two online databases www.antweb.org, 
and www.antwiki.org.  
We used two taxonomic traits, subfamily and genus for the ants in this study. 
Taxonomic traits here can be interpreted as surrogates for phylogenetic traits as the 
generic-level taxonomy and phylogeny for the species in this study is well resolved 
(Moreau, Bell, Vila, Archibald, & Pierce, 2006). Taxonomic/phylogenetic traits are 
helpful in categorizing a species’ functional role especially when species within the same 
genera or subfamilies have similar niches and functional roles in ecosystems (Litchman, 
Klausmeier, Schofield, & Falkowski, 2007).  
We used three morphometric traits, head length, relative eye length, and relative 
leg length. These three traits have been used in previous studies of ant functional 
diversity because these traits reveal information about body size, foraging capacity, 
foraging period and modes of resource acquisition (Bihn, Gebauer, & Brandl, 2010). We 
measured the morphological traits – head length, eye length, femur length, on 3-10 
pinned and mounted individuals with a calibrated ocular micrometer at 50× 
magnification. We used the mean for each trait as the species’ trait value. 
We used colony size for each species because this trait can be tightly correlated 
with the amount of soil moved by a species (Mikheyev & Tschinkel, 2004).Colony size 
for each species was categorized into four categories, small colonies are those with <100 
workers; medium colonies sizes range from 100-1000 workers, large colonies are those 
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with 1000-5000 workers and very large colonies are those species that commonly have 
colonies with >5000 workers.  
We categorized the all of the species’ feeding preferences as one of the following 
categories 1) Omnivores 2) Predators 3) Granivores and 4) Honeydew. Most species were 
categorized as omnivores but those which are predators and granivores regulate 
community structure of other invertebrates and plant communities (Israel Del Toro et al., 
2012), while omnivorous species play key roles in decomposition.  
We used categorized nesting preference for each species into four categories 
species that nest in 1) Soil, 2) Wood, 3) Grass, 4) Acorns. These nesting preferences help 
describe whether a species has a functional role as a soil mover or wood decomposer. We 
also categorized the primary and secondary habitat where each species is commonly 
found. Primary habitat for each species was categorized as: 1) bogs, 2)edge habitat 3) 
open habitat 4)conifer forests 5)deciduous forests 6)forests (either conifer or deciduous)  
or 7) subterranean. Secondary habitat associations were categorized as: 1) wet soils, 2) 
edge habitat (tend to be a mix of litter and grass), 3) grassy areas, 4) leaf litter, 5) rocky 
soils and 6) sandy soils.  
We also documented whether a species had been identified as a seed disperser, a 
soil parasite, or a slave-making species. For 33 species we were able to classify them 
based on their behavioral interactions with other ants, which can help explain how ant 
communities are structured. We classified species as being 1) dominant, 2) submissive or 
3) neutrally interacting. These data were mined from previous field observations (Israel 
Del Toro et al., 2013) and laboratory trials (Wittman & Gotelli, 2011).  
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We classified the general biogeographic affinity for each species as being a 1) 
widespread species 2) warm climate species or 3) cold climate species. We did this by 
visually inspecting the occurrence records for each species from our own database and 
the online resources.  
Distribution Models  
 To develop species distribution models (SDMs) we geo-referenced data from 15 
major entomological collections in the region. We gathered 11,985 point observations for 
the 70 species throughout the eastern United States. Unique observations ranged from 
649 for Camponotus pennsylvanicus on to 23 for Pheidole pilifera.   
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Figure 17 Number of unique point locality observations used for the development of each 
species distribution model 
We used four different modeling algorithms to develop SDMs for each species, 
Generalized Linear Models (GLMs), Generalized Additive Models (GAMs), MaxEnt, 
and Boosted Regression Trees (BRTs). To predict species occurrences, we used data 
extracted from the eight least correlated and biologically informative variables of the 19 
BioClim variables (bio1, bio2, bio3, bio5, bio6, bio12, bio15, bio17) (Hijmans et al., 
2005). We developed distribution models in R version 3.0.3 (R Development Core Team, 
2011) using the packages: ‘dismo’ v.3.0 (Hijmans, 2013), ‘raster’ v.3.1 (Hijmans, 2014), 
and SDMTools v2.0 (VanDerWal, 2014). For each modeling algorithm we selected a 
conservative threshold “specific-sensitivity” which is the threshold at which the sum of 
 119 
 
the sensitivity (true positive rate) and specificity (true negative rate) is highest to derive a 
binary presence/absence map (Bean, Stafford, & Brashares, 2012; Hernandez, Graham, 
Master, Albert, & The, 2006).  The binary maps were then overlaid on each other and we 
derived a consensus map. For this study we estimate the distribution of each species 
using the consensus map where three out of four SMDs predict the occurrence of the 
species. To predict changes in future species distributions we projected each model to 
four future climate scenarios (RCP 2.6,4.5,6.0 and 8.5) from the IPCC fifth Assessment 
Report (2013) using the Hadley Center Coupled Model version 3 (HADCM3), applied 
the same “specific sensitivity” threshold, and repeated the stacking method to derive a 
consensus map of the most likely future species distribution. We identified the total 
amount of range contraction and expansion by calculating the difference between current 
modeled distribution and the future distribution for each species. We repeated this 
process for functional groups by overlaying the SDMs of the species in each functional 
group and creating a functional group distribution map for current and future climatic 
conditions. 
We extracted the predicted values of species and functional group richness from 
the future distribution projections and evaluated how local richness patterns might change 
in future climates by regressing richness values against three years (2000 (historical 
range), 2050, and 2070) using the four climate scenarios mentioned above. We then took 
the slope regression coefficients and plotted them against latitude to identify sites where 
turnover might be the greatest.  
Results 
Relationships between local observed species richness and functional diversity 
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 The best fit quadratic regressions suggest that in the 67 sampled sites, as species 
richness increases, functional diversity and the number of functional groups also increase 
(Figure 18A and 18B; Adjusted R-sq.= 0.44 and 0.49 respectively, p-value<0.0001). Of 
the 67 sites sampled, those in the southernmost extent of the study and along coastal 
regions tended to have higher species richness than sites in northern latitudes or higher 
elevations (Israel Del Toro, 2013), suggesting that these sites also have the highest 
functional diversity. FEve ranged from (0.55 to 0.90) was not correlated with species 
richness (Adjusted R-sq<0.01, p>0.05) suggesting that evenness remained high at most of 
the sites. 
 
 
Figure 18 A) relationship between observed species richness and functional diversity 
(Rao’s Q) at each sampling site. B) Relationship between observed species richness and 
the number of functional groups at each sampling site. Blue line is the best fit quadratic 
regression. 
We used S-SDMs and S-FGMs to predict richness and functional group diversity 
at the 67 sampled sites.  Stacked SDMs overestimated observed species richness (by as 
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much as 55%) (Fig. 19A) at nearly every site and the relationship between these two 
variables was very weak (Adjusted R-sq= 0.08, p-value=0.012). In contrast the 
relationship between observed functional group richness and predicted functional group 
richness at the 67 sites was much stronger (Adjusted R-sq=0.53, p-value < 0.001) and 
over-prediction was reduced to approximately 10%. The best fit regression line closely 
approximates the 1:1 ratio line suggesting that S-FGMs might be useful in predicting 
functional diversity patterns at large geographic scales (Fig. 19B).  
 
Figure 19 A) relationship between observed species richness and predicted species 
richness from S-SDMs at each sampling site. B) Relationship between observed number 
of functional groups and the predicted number of functional groups from S-FGMs at each 
sampling site.  Red lines show the 1:1 relationship between the x and y axes. The black 
lines show the best fit linear regression with the 95% confidence intervals shaded grey. 
 
Predicted changes in local species and functional group richness  
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 The southernmost sites are predicted to experience significant species losses 
under future climatic conditions, while sites in the north will gain new species (Fig. 20) . 
Using RCP scenario 2.6, 57% of sites will experience a richness decline, and 43% are 
predicted to increase richness (Fig. 20A). Using RCP scenario 4.5, 78% of sites will 
experience a richness decline, and 22% are predicted to increase richness (Fig. 20B). 
Using RCP scenario 6.0, 66% of sites will experience a richness decline, and 34% are 
predicted to increase richness (Fig. 20C).  Using RCP scenario 8.5, 88% of sites will 
experience a richness decline, and 12% are predicted to increase richness (Fig. 20D). The 
most extreme species richness declines in the southern sites are predicted to have up to 
85% of species turnover, but in the northern sites, some sites are expected to have four 
times as many more species as these currently have.   
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Figure 20 : Predicted turnover in species richness at 67 sites using four climate scenarios 
(RCP 2.6, 4.5, 6.0 and 8.5). Sites below the zero (dashed) line, are sites where species 
loss is predicted to be greater than species gain (i.e. the richness vs. time regression 
coefficient < 0). Sites above the zero line, are sites where species gain is predicted to be 
greater than species lost (i.e. the richness vs. time regression coefficient > 0).   
Using the RCP 2.6 scenario, functional group richness is predicted to decline by 
more than 5% in 25% of the sampling sites, stay approximately the same in 67% of the 
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sites and increase in richness by more than 5% in 8% of sites (Fig. 21A). Using the RCP 
4.5 scenario, functional group richness is predicted to decline by more than 5% in 18% of 
the sampling sites, stay approximately the same in 75% of the sites and increase in 
richness by more than 5% in 7% of sites (Fig. 21B). Using the RCP 6.0 scenario, 
functional group richness is predicted to decline by more than 5% in 45% of the sampling 
sites, stay approximately the same in 48% of the sites and increase in richness by more 
than 5% in 7% of sites (Fig. 21C). Using the RCP 8.5 scenario, functional group richness 
is predicted to decline by more than 5% in 69% of the sampling sites, stay approximately 
the same in 24% of the sites and increase in richness by more than 5% in 7% of sites (Fig. 
21C). 
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Figure 21 Predicted turnover in functional group richness at 67 sites using four climate 
scenarios (RCP 2.6, 4.5, 6.0 and 8.5). Sites below the zero (dashed) line, are sites where 
functional group loss is predicted to be greater than functional group gain (i.e. the 
functional group richness vs. time regression coefficient < 0). Sites above the zero line, 
are sites where functional group gain is predicted to be greater than functional group lost 
(i.e. the functional group richness vs. time regression coefficient > 0).   
Predicted changes in regional species and functional group richness  
The extent of this study covers seven of the North American Level II ecoregions: 
1) Soft Wood Shield, 2) Mixed Wood Shield, 3) Atlantic Highlands, 4) Mixed Wood 
Plains, 5) Southeast USA Plains, 6) Appalachian Forests and 7) Southeast USA Coastal 
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Plains (boundaries plotted on figures 5-8) . By 2050, the S-SDMs predict that species 
richness will increase in the northern ecoregions (i.e. Soft Wood Shield, Mixed Wood 
Shield and Atlantic Highlands). However in the Mixed Wood Plains only the areas above 
~43˚N and along the Atlantic coast are expected to increase in species richness, in the 
regions south of ~43˚N and in the interior, species richness is expected to decrease. In 
Appalachian Forests, species richness is expected to decrease widely, except in areas 
where elevations >500m. The largest predicted species richness losses are expected to 
occur in the Southeast Coastal Plains and the Southeast USA Plains. These trends are 
similar across all climate scenarios (Fig. 21A-D). By 2070 the patterns of species 
richness turnover are similar to those of 2050 but under the most extreme scenarios (4.5, 
6.0, and 8.5) the high elevation areas of Appalachian Forests ecoregion are also expected 
to decrease in species richness and the Mixed Wood Plains ecoregion, species loss can be 
expected up to ~45˚N latitude (Fig 22 A-D).  
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Figure 22 Predicted regional richness changes in 2050 using four climate scenarios. A) 
RCP 2.6 B) RCP 4.5 C) RCP 6.0 D) RCP 8.5 
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Figure 23 Predicted regional richness changes in 2070 using four climate scenarios. A) 
RCP 2.6 B) RCP 4.5 C) RCP 6.0 D) RCP 8.5 
Functional group richness is expected to increase in the northern ecoregions 
above 45 ˚N latitude and decrease in the southern ecoregions south of ~42 ˚N, with some 
exceptions in the Appalachian forest highlands, this trend is similar to that observed in 
species richness (Fig.24 A-D). The Atlantic Highlands ecoregion is likely to experience 
the highest increase in functional group richness by 2050 and 2070 (Fig.24-25). In 
contrast the Southeast USA Coastal Plains are likely to experience the largest functional 
group richness declines (Fig.24-25). There is region of relatively low change in 
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functional group richness in southern New England and the northern Mid-Atlantic states, 
but this region is severely reduced by 2070 (Fig.25A-D).    
 
Figure 24 Predicted functional group richness changes in 2050 using four climate 
scenarios. A) RCP 2.6 B) RCP 4.5 C) RCP 6.0 D) RCP 8.5 
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Figure 25 Predicted functional group richness changes in 2070 using four climate 
scenarios. A) RCP 2.6 B) RCP 4.5 C) RCP 6.0 D) RCP 8.5 
All functional groups tended to show an increase in range size in future climates. 
Functional groups one and seven showed the largest range increases ≥100% increase in 
range sizes. Group ten showed the lowest change of range size and three of four scenarios 
predicted a range contraction of ~2%. The remaining functional groups showed range 
expansions ranging from ~20% to 60%. 
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Discussion   
Here we present one of the first approaches to understanding the spatial distribution 
of functional diversity and functional groups by using S-FGMs. We argue that using S-
FGMs can outperform S-SDMs because S-SDMs tend to have major over prediction 
problems (Mateo, Felicisimo, Pottier, Guisan, & Munoz, 2012), whereas S-FGMs reduce 
the effects of over prediction in this system. This trend should be studied in other 
ecosystems (especially those with extremely high species richness and functional 
diversity) to better understand the generality of this pattern. Additionally by using S-
FGMs, it is possible to apply well studied statistical and spatial analyses methods to 
predicting future distributions and assemblages at both regional and local scales. One 
caveat of this study, is that our predictions reflect a full dispersal scenario, which assumes 
that all species are not limited by their dispersal capacities and are able to track habitat 
suitability in a rapidly changing climate, a case which may not apply to sessile 
invertebrates like ants (Fitzpatrick et al., 2011).  
In this region functional diversity (Rao’s Q) and species richness are correlated. As 
species richness increases, functional diversity also tends to increase, as do the number of 
functional groups, a pattern that is common in nature and contributes to the understanding 
of how communities assemble (Mouchet et al., 2010). The changes in species and 
functional group richness ultimately translate into changes on the importance or 
prevalence of the primary functional roles of ants throughout North America, a pattern 
which is well established in previous works (Alan N. Andersen, 1997b; Crist, 2009), but 
is more clearly tied to specific ant-mediated ecosystem processes in this work. The 
majority of sites (80%) have six or more functional groups at each site and FEve was not 
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correlated with richness or latitude, suggesting that functional roles of ants as soil 
movers, decomposers, seed dispersers and community regulators are important and 
widespread throughout eastern North America. 
In some situations, regions or sites with the highest species richness might be the 
most insulated from changing environments due to functional redundancy within the 
system, therefore there would have to be major environmental changes or stressors to 
diversity to impact the organism-mediated ecosystem processes (Cardinale et al., 2011). 
In this study we show that the highest species diversity and functional diversity occur in 
the warmer ecoregions of the study extent. These are the same ecoregions which may be 
facing major turnover in richness and subsequently in functional diversity under future 
climatic conditions. Warming trends in eastern North America may be strong enough to 
reduce species richness and functional diversity of ants.  We do highlight that changes in 
species richness and functional diversity in the southern ecoregions does not necessarily 
translate to total loss of ants from these ecosystems. It is more likely that species with 
southern distributions in the Southeastern Plains and Southern Tropical Coastal Plains 
ecoregions will shift their ranges north and fill the niches and ecological roles played by 
the historical ant communities.  
Our findings are consistent with the findings of Fitzpatrick et al. (Fitzpatrick et al., 
2011), but we also show that changes in species richness are likely to result in similar 
changes to functional diversity. The changes in functional group richness may not be 
apparent from simply looking at the presence/absence maps of each functional group 
(Appendix 5). When comparing functional group presence/absence maps to the species 
richness map, it is clear that persistence of all functional groups at any given point, may 
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be largely driven a smaller subset of species. This explains the overall differences 
between drastic reductions in species richness but overall maintenance of functional 
group richness and may support the hypothesis that high functional redundancy occurs in 
this region. Of special concern are functional groups 2, 7, and 10. These functional 
groups mediate wood decomposition, seed dispersal and leaf litter community regulation 
respectively. Groups 2 and 10 (wood decomposers and leaf litter community regulators) 
tend to have major species range size contractions and the persistence of their functional 
group (especially in the southern ecoregions) is dependent on one or two species within 
their functional group.  For group 7 (seed dispersers) their ecological roles depend on 
whether they are able to keep up with the rapid rate of habitat suitability (this applies to 
all functional groups) as well as the capacity of the myrmecochorus plants to track 
changing climates.  
Conclusions  
In this study we have combined recent development in quantifying functional 
diversity and make use of widely used distribution modeling methods to predict the how 
climate change will impact species and functional diversity of ants in the forests of 
eastern North America at local and regional scales. We show that species richness and 
functional diversity are correlated and that using S-FGMs can be useful in predicting 
community structure and functional roles of ants at large spatial scales. In future 
environmental conditions species richness and functional diversity are expected to 
decrease in the southern ecoregions of eastern North America and increase in the 
northern Ecoregions. Climate change is not predicted to affect all species and functional 
groups equally, with some functional groups like decomposers, seed dispersers and 
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community regulators being especially vulnerable to changing climates. Future work 
should continue to track changes at the 67 sites, and new sites throughout the study extent 
to track the effects of climate change on the region and test the predictions of our models.   
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APPENDIX 1 
SAMPLING SITE DETAILS AND DATA 
 
 
Site_Name SiteID 
Species 
Observe
d 
Coverag
e 
Singleto
ns  
Doubleto
ns 
Veg_PCoA
1 
Veg_PCoA
2 
Latitud
e 
Longitud
e 
Elevatio
n 
ICE Spp  
Predicte
d 
Chao2 
Spp 
Predicte
d 
Soil_Typ
e  
Temperature_M
ax 
 
Temperature_
Min 
Temperature_Avera
ge 
Annual_Precipitati
on NDVI EVI 
Appomatox 
Buckingha
m State 
Forest ABSF 21 0.936 7 6 -2.0775 0.2239 
37.434
3 -78.6492 197 30 24 
Silt 
Loam 20 
 
7 14 1060 
0.840
5 
0.625
6 
Allaire 
State Park  ALLSP 18 0.943 5 3 -1.1469 0.003 
40.148
1 -74.1487 29 23 20 Sand 18 
 
8 13 938 
0.800
2 
0.529
2 
Annett 
State 
Forest  ANSF 19 0.918 7 4 0.9327 0.3025 
42.774
3 -71.9341 382 26 23 
Sandy 
Loam 14 
 
3 9 1189 
0.783
8 
0.535
6 
Aroostook 
State Park  ARSP 6 0.975 2 1 0.4694 -0.3592 
46.606
7 -68.0148 285 8 6 Rocky 12 
 
2 7 1103 
0.897
1 
0.644
2 
Baxter 
State Park BAXP 6 0.95 2 0 0.597 0.7498 
46.164
5 -68.852 215 8 7 
Sandy 
Loam 12 
 
1 6 1209 
0.886
6 
0.667
2 
Bear Brook 
State Park BBSP 19 0.936 6 4 -0.0553 -0.8878 
43.164
3 -71.3822 108 24 22 
Sandy 
Loam 15 
 
3 9 1050 
0.689
7 
0.374
6 
Bald Eagle 
State 
Forest BESF 15 0.988 2 3 -0.829 -0.4213 
40.830
4 -77.4966 545 16 15 Rocky 15 
 
3 9 1098 
0.877
9 
0.661
7 
Brendan T. 
Byrne State 
Park  BTBSP 21 0.944 6 5 -0.8376 -0.1778 
39.872
5 -74.5226 43 28 23 Sand 19 
 
7 13 1066 0.77 
0.517
5 
Cunningha
m Falls 
State Park  CFSP 16 0.825 7 0 -0.1228 -1.213 
39.697
6 -77.4362 289 24 19 
Silt 
Loam 17 
 
6 12 1051 
0.903
8 
0.678
5 
Cheesequa
ke State 
Park CHESP 13 0.933 4 1 -0.1635 -0.513 40.437 -74.265 16 18 16 
Sandy 
Loam 18 
 
8 13 1017 
0.738
7 
0.452
8 
Camel's 
Hump State 
Park CHSP 13 0.967 4 4 0.7438 -0.299 
44.201
2 -72.918 529 17 14 Rocky 11 
 
1 6 1760 
0.814
4 
0.571
5 
Cokaponset 
State 
Forest COKSF 19 0.955 6 7 0.1516 -0.6172 
41.403
8 -72.5081 47 22 21 Rocky 16 
 
5 11 1444 
0.878
5 
0.676
9 
Conway 
Robinson 
State 
Forest 
CONRO
B 17 0.798 11 2 -1.179 1.2743 
38.806
6 -77.5879 128 45 35 
Silt 
Loam 19 
 
8 14 943 
0.886
1 0.695 
Cooper's 
Rock State 
Par CRKSP 7 0.996 1 3 0.2178 1.0076 
39.656
8 -79.7785 680 7 7 Rocky 14 
 
3 9 1202 
0.774
6 
0.563
9 
Cumberlan
d State 
Forest CSF 8 0.84 8 1 -2.0775 0.2239 
37.519
4 -78.3224 83 28 28 
Sandy 
Loam 21 
 
7 14 1010 
0.797
3 
0.602
4 
Chilton 
Woods 
State 
Forest CWSF 20 0.91 6 2 -0.4732 0.5994 
37.822
7 -76.5343 35 25 25 
Sandy 
Loam 21 
 
9 15 1056 
0.803
5 
0.521
4 
Dry River 
Ranger 
District 
George 
Washingto
n National 
Forest DRRD 22 0.947 7 8 -0.2625 1.4078 
38.859
6 -78.8099 784 29 24 Rocky 17 
 
4 10 875 
0.868
9 
0.655
6 
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Forbes 
State 
Forest FBSF 8 0.933 4 1 0.212 0.6233 
39.957
1 -79.3593 805 14 11 Rocky 14 
 
3 9 1149 
0.884
2 
0.721
8 
Wolf Neck 
State Park  FBSP 7 0.911 5 1 1.1964 -0.3395 
43.820
2 -70.0902 18 17 12 
Sandy 
Loam 14 
 
4 9 1416 0.849 
0.560
6 
Galitzin 
State 
Forest GASF 16 0.968 3 2 0.7553 0.0639 
40.227
9 -78.7267 791 17 17 
Sandy 
Loam 13 
 
4 8 1198 0.887 
0.715
3 
Greenbrier 
State 
Forest GBSF 16 0.975 3 3 0.1868 1.1489 
37.772
7 -80.3025 753 18 17 Rocky 17 
 
4 10 872 
0.914
6 
0.592
7 
Gunpowder 
Falls State 
Park GFSP 11 0.875 5 0 -1.4189 0.1902 
39.465
8 -76.3907 92 18 21 Loam 19 
 
8 14 1181 
0.671
7 0.604 
Green Mts. 
National 
Forest 1 GMNF1 12 0.931 5 2 1.317 0.3492 
42.896
4 -73.0201 658 20 15 Rocky 12 
 
2 7 1275 
0.879
9 0.573 
Green Mts. 
National 
Forest 2 GMNF2 14 0.867 8 2 1.0188 0.2979 
43.139
1 -72.9109 442 26 23 
Sandy 
Loam 13 
 
2 8 1417 0.905 
0.605
9 
Green Mts. 
National 
Forest 3 GMNF3 10 0.933 4 1 1.2515 0.463 43.866 -72.8787 347 16 13 Rocky 11 
 
1 6 1423 
0.864
2 
0.608
2 
Glenwood 
Pedlar 
Ranger 
District 
Geroge 
Washingto
n National 
Forest GPRD 20 0.798 11 2 -0.7799 0.8419 
37.988
6 -79.0639 536 36 38 
Sandy 
Loam 18 
 
5 11 988 
0.875
1 
0.697
6 
Green 
Ridge State 
Forest GRRSF 17 0.844 9 2 -0.3949 0.9614 
39.665
9 -78.4405 304 29 29 Loam 18 
 
6 12 821 
0.612
5 
0.374
7 
Gifford 
Woods 
State 
Forest  GWSF 4 0.975 2 1 1.2696 0.2587 
43.675
5 -72.8117 512 6 4 Rocky 12 
 
1 7 1400 
0.841
9 0.604 
Harvard 
Forest LTER 
Site 1  HFLTER 11 0.975 2 1 -0.1403 -0.7995 
42.533
9 -72.1894 344 12 11 
Sandy 
Loam 15 
 
3 9 1104 
0.823
5 
0.617
1 
Harvard 
Forest LTER 
Site 2 
HFLTER
2 18 0.888 6 1 -0.3751 -1.5354 
42.473
9 -72.2113 228 24 25 Rocky 15 
 
3 9 1136 
0.891
9 
0.678
4 
Harold 
Parker 
State 
Forest HPSF 17 0.867 8 2 -0.4445 -0.6105 
42.607
1 -71.0956 30 32 26 
Loamy 
Sand 16 
 
5 11 1334 
0.879
4 
0.559
5 
Lackawann
a State 
Forest  LACSF 10 0.955 3 1 -0.2097 -0.8986 
41.110
7 -75.8479 424 12 11 
Silt 
Loam 15 
 
4 9 1098 
0.868
5 0.651 
Lee Ranger 
District 
George 
Washingto
n National 
Forest LRD 19 0.983 3 5 -1.1694 -0.4403 38.777 -78.501 382 21 19 
Silt 
Loam 18 
 
5 11 872 
0.890
5 
0.585
7 
Lost River 
State Park  LRSP 10 0.975 3 3 -0.3933 0.343 
38.895
2 -78.9269 626 13 11 
Silt 
Loam 16 
 
3 10 854 
0.835
6 
0.611
3 
Lesense 
State 
Forest LSF 20 0.821 10 2 -0.8641 0.7685 
37.839
8 -78.9693 398 36 35 Loam 19 
 
6 12 1179 
0.897
9 
0.667
9 
Mount 
Monadnock 
State Park  MMSP 8 0.955 3 1 -0.3835 -1.2487 
42.840
4 -72.0868 386 10 9 
Sandy 
Loam 14 
 
3 9 1202 
0.899
5 
0.705
5 
Mount 
Holyoke 
Range State 
Park MOHO 20 0.886 8 3 0.2465 0.1944 
42.294
9 -72.5269 128 30 27 
Sandy 
Loam 16 
 
4 10 1084 
0.882
5 
0.681
3 
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Moose 
Point State 
Park MPSP 13 0.933 4 1 0.9559 -0.4286 
44.431
9 -68.9445 9 16 16 
Silt 
Loam 13 
 
3 8 1472 
0.870
7 0.582 
Myles 
Standish 
State 
Forest MSSF 30 0.896 10 7 -0.4057 -0.4432 
41.848
5 -70.671 45 39 35 Sand 16 
 
7 11 1345 0.794 
0.447
2 
Mount 
Cardigan 
State 
Forest  MTCAR 16 0.889 7 2 1.1488 0.0359 
43.632
3 -71.8224 307 27 23 
Sandy 
Loam 13 
 
3 8 1288 
0.891
3 
0.672
6 
Mount 
Greylock 
State 
Reservation
-TOP MTGSR 7 0.955 3 1 1.4857 0.5165 
42.635
4 -73.167 1020 9 8 Rocky 13 
 
3 8 1254 
0.911
6 
0.658
8 
Mount 
Greylock 
State 
Reservation
-Bottom 
MTGSR
-2 7 0.968 3 2 0.1508 -0.0824 42.554 -73.2163 514 10 8 
Sandy 
Loam 13 
 
3 8 1170 
0.814
6 
0.560
5 
Natchaug 
State 
Forest NATSF 19 0.9 8 4 1.002 -0.3394 
41.875
2 -72.0509 155 30 24 Rocky 15 
 
4 10 1291 
0.897
2 
0.690
6 
Pachaug 
State 
Forest PACSF 9 0.975 2 1 0.3419 -0.8099 
41.611
7 -71.8929 143 11 9 
Sandy 
Loam 16 
 
5 11 1298 
0.818
4 
0.564
6 
Prince 
Edward 
Gallion 
State 
Forest PESF 18 0.91 6 2 -1.3488 0.6742 
37.164
9 -78.2894 197 23 23 
Sandy 
Loam 21 
 
8 14 1042 
0.871
1 
0.574
7 
Potomac-
Garret 
State Park PGSP 10 0.975 3 3 0.524 0.0422 
39.402
4 -79.2943 913 13 11 Rocky 14 
 
3 9 1148 
0.882
2 0.711 
Pittsfield 
State 
Forest PITSF 13 0.955 3 1 0.6049 0.6747 
42.470
6 -73.308 378 15 14 
Silt 
Loam 14 
 
3 8 1092 
0.905
4 
0.649
7 
Pocomoke 
River State 
Forest PRSF 23 0.816 9 1 -0.8755 0.1175 
38.183
3 -75.5095 16 32 41 
Loamy 
Sand 20 
 
9 14 926 
0.784
7 
0.535
2 
Quechee 
State Park QUESP 11 0.888 6 1 1.0667 0.09 
43.644
5 -72.4124 217 20 18 
Loamy 
Sand 14 
 
3 8 1181 
0.698
8 
0.405
6 
Ramapo 
Mountain 
State 
Forest RAMT 21 0.743 12 1 -0.1366 -0.5994 
41.055
3 -74.2533 267 45 53 Rocky 17 
 
6 12 1235 
0.873
9 
0.602
3 
Roque 
Bluffs State 
Park  RBSP 12 0.864 7 1 -0.2468 -0.7236 
44.616
4 -67.482 13 31 22 
Silt 
Loam 13 
 
3 8 1635 
0.806
8 
0.551
7 
Rothrock 
State 
Forest  RSF 18 0.888 6 1 -0.9642 -0.3622 
40.715
1 -77.8934 519 23 25 Rocky 15 
 
5 10 1059 
0.877
7 
0.678
9 
Sproul 
State 
Forest 1 SPRSF1 13 0.931 5 2 0.5303 0.3116 
41.305
9 -77.7584 576 20 16 
Silt 
Loam 14 
 
3 9 1005 
0.887
3 
0.670
4 
Sproul 
State 
Forest 2 SPRSF2 20 0.906 7 3 0.632 0.422 
41.173
4 -77.8802 683 27 25 
Sandy 
Loam 14 
 
2 8 1055 
0.874
6 
0.667
8 
Savage 
River State 
Park SRISP 14 0.967 4 4 0.4141 0.5592 
39.605
7 -79.1843 774 17 15 Rocky 14 
 
4 9 1082 
0.871
8 
0.689
9 
Stokes 
State 
Forest STKSF 20 0.725 11 0 -1.0461 -0.5149 
41.185
5 -74.7971 262 44 54 
Sandy 
Loam 16 
 
5 10 1088 0.89 
0.639
2 
Weiser 
State 
Forest 1  WEISF1 13 0.889 7 2 -0.0216 -0.392 
40.572
7 -76.6359 246 30 20 Loam 17 
 
6 11 1147 
0.866
4 
0.653
4 
Weiser 
State WEISF2 13 0.9 4 0 0.1181 0.2626 
40.786
8 -76.6656 271 16 19 Rocky 16 
 
4 10 1037 
0.861
3 
0.679
2 
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Forest 2 
Winterville 
Forest 
State Park  WFSP 7 0.9 4 0 0.2456 0.5802 
46.964
8 -68.6586 186 14 13 Rocky 12 
 
1 6 1155 
0.848
5 
0.600
1 
Wharton 
State 
Forest  WHASF 18 0.971 4 5 -0.0645 -0.4242 
39.643
6 -74.6443 6 21 19 Sand 19 
 
8 13 1121 
0.818
6 
0.575
9 
Willowdale 
State 
Forest WILSF 17 0.911 5 1 0.2937 -1.1737 
42.664
6 -70.9429 23 20 22 
Loamy 
Sand 16 
 
5 11 1411 
0.818
1 
0.527
3 
White 
Mountains 
National 
Forest Site 
1  
WMNF
1 13 0.906 7 3 0.2943 -0.8857 
43.852
6 -71.4493 311 29 18 
Sandy 
Loam 13 
 
1 7 1396 
0.894
1 
0.814
5 
White 
Mountains 
National 
Forest Site 
2 
WMNF
2 10 0.888 6 1 1.347 0.4291 
44.361
1 -71.4298 450 24 17 
Sandy 
Loam 12 
 
1 6 1242 
0.906
1 
0.712
1 
White 
Mountains 
National 
Forest Site 
3 
WMNF
3 23 0.911 8 5 0.1494 -1.1794 
44.398
5 -70.8826 221 32 28 
Loamy 
Sand 13 
 
2 7 1370 
0.821
5 
0.577
3 
Wompatuc
k State 
Forest 
WOMS
P 13 0.889 7 2 1.1554 -0.0732 
42.194
4 -70.8346 41 26 20 
Sandy 
Loam 16 
 
6 11 1417 0.881 
0.631
9 
Whitney 
State 
Forest WSF 12 0.925 6 3 -0.4153 0.8809 
38.672
1 -77.8097 165 18 16 
Silt 
Loam 19 
 
7 13 851 
0.704
9 
0.541
9 
Hidden 
Valley 
Recreation 
Area 
George 
Washingto
n National 
Forest WSRD 17 0.889 7 2 -0.3661 0.4852 
38.097
2 -79.8167 580 27 24 
Silt 
Loam 17 
 
4 11 849 
0.895
6 
0.692
5 
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APPENDIX 2 
 
 
ANOVA TABLES AND PAIRWISE COMPARISONS, DATA AND CODE  
This file summarizes the ANOVA results for figures 1 and 2 Last Edited: I Del Toro; April 9, 2014  
# set wd, load libraries link to supplementary data files 
setwd("C:/Users/Israel/Dropbox/Ant Mesocosms/Data and Code/") 
library(plyr) 
library(reshape2) 
 
# load datasets 
soils <- read.csv("Soil_movement_raw_data.csv", header = T) 
decomposition <- read.csv("Decomposition_raw_data.csv", header = T) 
CO2 <- read.csv("Soil_respiration_raw_data.csv", header = T) 
Nitrogen <- read.csv("Nitrogen_raw_data.csv", header = T) 
 
# subset each dataset into the 2011 and 2012 data 
soils.2011 <- soils[which(soils$year == "2011"), ] 
soils.2012 <- soils[which(soils$year == "2012"), ] 
 
decomposition.2011 <- decomposition[which(decomposition$year == 
"2011"), ] 
decomposition.2012 <- decomposition[which(decomposition$year == 
"2012"), ] 
 
CO2.2011 <- CO2[which(CO2$year == "2011"), ] 
CO2.2012 <- CO2[which(CO2$year == "2012"), ] 
 
## ANOVA TABLES START HERE: soils ANOVAs (Figure 1) Q:are the two years 
## different from each other?  A: No, p=0.138 
soils$year <- as.factor(soils$year) 
soils.aov = aov(Total.Volume ~ year, data = soils) 
summary(soils.aov) 
##             Df Sum Sq Mean Sq F value Pr(>F) 
## year         1  28101   28101    2.25   0.14 
## Residuals   64 797602   12463 
soils.aov.tukey = TukeyHSD(soils.aov) 
# soils.aov.tukey 
 
# year 2011 soil movement comparison Q: Is there a warming effect on 
soil 
# displaced in 2011?  A: Yes, p<0.001, both the warming treatments 
displaced 
# more soil than the control treatment 
soils.2011$year <- as.factor(soils.2011$year) 
soils.2011.aov = aov(Total.Volume ~ Treatment, data = soils.2011) 
summary(soils.2011.aov) 
##             Df Sum Sq Mean Sq F value  Pr(>F)     
## Treatment    2 151507   75753    13.9 4.3e-05 *** 
## Residuals   33 180340    5465                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
soils.2011.tukey = TukeyHSD(soils.2011.aov) 
# soils.2011.tukey 
 
# Q:Do ants build deeper nests in the warmer treatments?  A: yes, both 
# warming treatments nests were deeper than the control (p<0.01) 
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soils.2011.a.aov = aov(Maximum.Depth ~ Treatment, data = soils.2011) 
summary(soils.2011.a.aov) 
##             Df Sum Sq Mean Sq F value  Pr(>F)     
## Treatment    2    600   299.9    12.2 0.00011 *** 
## Residuals   33    812    24.6                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
soils.2011.a.tukey = TukeyHSD(soils.2011.a.aov) 
# soils.2011.a.tukey 
 
# year 2012 soil movement comparison Q: Is there a warming effect on 
soil 
# displaced in 2012?  A: Yes, p<0.001, both the warming treatments 
displaced 
# more soil than the control treatment 
soils.2012$year <- as.factor(soils.2012$year) 
soils.2012.aov = aov(Total.Volume ~ Treatment, data = soils.2012) 
summary(soils.2012.aov) 
##             Df Sum Sq Mean Sq F value  Pr(>F)     
## Treatment    2 311915  155957    27.4 3.2e-07 *** 
## Residuals   27 153841    5698                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
soils.2012.tukey = TukeyHSD(soils.2012.aov) 
# soils.2012.tukey 
 
# Q:Do ants build deeper nests in the warmer treatments in 2012?  A: 
yes, 
# both warming treatments nests were deeper than the control (p=0.03) 
 
soils.2012.a.aov = aov(Maximum.Depth ~ Treatment, data = soils.2012) 
summary(soils.2012.a.aov) 
##             Df Sum Sq Mean Sq F value Pr(>F)   
## Treatment    2    176    88.1    4.22  0.025 * 
## Residuals   27    563    20.8                  
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
soils.2012.a.tukey = TukeyHSD(soils.2012.a.aov) 
# soils.2012.a.tukey 
 
# decomposition ANOVAs start here: Q: Are the two years different from 
each 
# other? A: No (p>0.05); the data are similar for the two years even if 
the 
# 'bag' is taken into account 
decomposition$year <- as.factor(decomposition$year) 
decomp.aov = aov(Mass_Lost ~ year, data = decomposition) 
summary(decomp.aov) 
##              Df Sum Sq Mean Sq F value Pr(>F) 
## year          1   0.04  0.0377    1.38   0.24 
## Residuals   358   9.80  0.0274 
decomp.aov.tukey = TukeyHSD(decomp.aov) 
# decomp.aov.tukey 
 
decomp.aov.2 = aov(Mass_Lost ~ year:Bag, data = decomposition) 
summary(decomp.aov.2) 
##              Df Sum Sq Mean Sq F value  Pr(>F)     
## year:Bag      3   0.93   0.311    12.4 9.4e-08 *** 
## Residuals   356   8.90   0.025                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
decomp.aov.tukey.2 = TukeyHSD(decomp.aov.2) 
# decomp.aov.tukey.2 
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# year 2011 decomposition comparison Q: What is the effect of the 
warming 
# treatment on mass lost given the ant treatments?  A: warming has a 
# significant decreasing effect but only in the ant treatments 
(p<0.001) 
decomposition.2011$year <- as.factor(decomposition.2011$year) 
decomp.2011.aov = aov(Mass_Lost ~ Treatment * Treatment.2, data = 
decomposition.2011) 
decomp.2011.aov 
## Call: 
##    aov(formula = Mass_Lost ~ Treatment * Treatment.2, data = 
decomposition.2011) 
##  
## Terms: 
##                 Treatment Treatment.2 Treatment:Treatment.2 
Residuals 
## Sum of Squares      1.300       0.036                 0.074     
4.717 
## Deg. of Freedom         2           1                     2       
156 
##  
## Residual standard error: 0.1739 
## Estimated effects may be unbalanced 
summary(decomp.2011.aov) 
##                        Df Sum Sq Mean Sq F value  Pr(>F)     
## Treatment               2   1.30   0.650   21.50 5.7e-09 *** 
## Treatment.2             1   0.04   0.036    1.19    0.28     
## Treatment:Treatment.2   2   0.07   0.037    1.23    0.29     
## Residuals             156   4.72   0.030                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
decomp.2011.tukey = TukeyHSD(decomp.2011.aov) 
# decomp.2011.tukey 
 
# Q: Do ants remove more leaf litter from the larger meshed bag? A: Yes 
but 
# only in the control ants treatment (p=0.04), no differences in the 
other 
# warming treatments 
decomp.2011.aov.a = aov(Mass_Lost ~ Treatment * Treatment.2 * Bag, data 
= decomposition.2011) 
decomp.2011.aov.a 
## Call: 
##    aov(formula = Mass_Lost ~ Treatment * Treatment.2 * Bag, data = 
decomposition.2011) 
##  
## Terms: 
##                 Treatment Treatment.2   Bag Treatment:Treatment.2 
## Sum of Squares      1.300       0.036 0.412                 0.074 
## Deg. of Freedom         2           1     1                     2 
##                 Treatment:Bag Treatment.2:Bag 
Treatment:Treatment.2:Bag 
## Sum of Squares          0.024           0.130                     
0.005 
## Deg. of Freedom             2               1                         
2 
##                 Residuals 
## Sum of Squares      4.145 
## Deg. of Freedom       150 
##  
## Residual standard error: 0.1662 
## Estimated effects may be unbalanced 
summary(decomp.2011.aov.a) 
##                            Df Sum Sq Mean Sq F value  Pr(>F)     
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## Treatment                   2   1.30   0.650   23.52 1.3e-09 *** 
## Treatment.2                 1   0.04   0.036    1.30 0.25577     
## Bag                         1   0.41   0.412   14.92 0.00017 *** 
## Treatment:Treatment.2       2   0.07   0.037    1.35 0.26333     
## Treatment:Bag               2   0.02   0.012    0.44 0.64617     
## Treatment.2:Bag             1   0.13   0.130    4.70 0.03179 *   
## Treatment:Treatment.2:Bag   2   0.01   0.003    0.09 0.91343     
## Residuals                 150   4.15   0.028                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
decomp.2011.tukey.a = TukeyHSD(decomp.2011.aov.a) 
# decomp.2011.tukey.a 
 
# year 2012 decomposition comparison Q: What is the effect of the 
warming 
# treatment on mass lost given the ant treatments?  A: There does not 
seem 
# to be a significant warming X organism effect (p=0.19), there is a 
# difference btween the control ant treatment and the +3.5 ant 
treatment but 
# not the +5 treatment 
decomposition.2012$year <- as.factor(decomposition.2012$year) 
decomp.2012.aov = aov(Mass_Lost ~ Treatment * Treatment.2, data = 
decomposition.2012) 
decomp.2012.aov 
## Call: 
##    aov(formula = Mass_Lost ~ Treatment * Treatment.2, data = 
decomposition.2012) 
##  
## Terms: 
##                 Treatment Treatment.2 Treatment:Treatment.2 
Residuals 
## Sum of Squares      0.221       0.055                 0.152     
3.241 
## Deg. of Freedom         2           3                     6       
186 
##  
## Residual standard error: 0.132 
## Estimated effects may be unbalanced 
summary(decomp.2012.aov) 
##                        Df Sum Sq Mean Sq F value Pr(>F)    
## Treatment               2   0.22  0.1107    6.36 0.0021 ** 
## Treatment.2             3   0.05  0.0182    1.05 0.3731    
## Treatment:Treatment.2   6   0.15  0.0253    1.45 0.1966    
## Residuals             186   3.24  0.0174                   
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
decomp.2012.tukey = TukeyHSD(decomp.2012.aov) 
# decomp.2012.tukey 
 
# Q: Do ants remove more leaf litter from the larger meshed bag in 2012 
? A: 
# Only in the warmer ant treatments (P<0.001) 
decomp.2012.aov.a = aov(Mass_Lost ~ Treatment * Treatment.2 * Bag, data 
= decomposition.2012) 
decomp.2012.aov.a 
## Call: 
##    aov(formula = Mass_Lost ~ Treatment * Treatment.2 * Bag, data = 
decomposition.2012) 
##  
## Terms: 
##                 Treatment Treatment.2    Bag Treatment:Treatment.2 
## Sum of Squares     0.2215      0.0547 0.4830                0.1519 
## Deg. of Freedom         2           3      1                     6 
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##                 Treatment:Bag Treatment.2:Bag 
Treatment:Treatment.2:Bag 
## Sum of Squares         0.0029          0.2857                    
0.0462 
## Deg. of Freedom             2               3                         
6 
##                 Residuals 
## Sum of Squares     2.4233 
## Deg. of Freedom       174 
##  
## Residual standard error: 0.118 
## Estimated effects may be unbalanced 
summary(decomp.2012.aov.a) 
##                            Df Sum Sq Mean Sq F value  Pr(>F)     
## Treatment                   2  0.221   0.111    7.95 0.00050 *** 
## Treatment.2                 3  0.055   0.018    1.31 0.27281     
## Bag                         1  0.483   0.483   34.68   2e-08 *** 
## Treatment:Treatment.2       6  0.152   0.025    1.82 0.09803 .   
## Treatment:Bag               2  0.003   0.001    0.10 0.90263     
## Treatment.2:Bag             3  0.286   0.095    6.84 0.00022 *** 
## Treatment:Treatment.2:Bag   6  0.046   0.008    0.55 0.76754     
## Residuals                 174  2.423   0.014                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
decomp.2012.tukey.a = TukeyHSD(decomp.2012.aov.a) 
# decomp.2012.tukey.a 
 
# soil respiration ANOVAs start here (Figure 2): Q: are the two years 
# different from each other? A: slightly lower in 2012 than 2011 p=0.01 
CO2$year <- as.factor(CO2$year) 
CO2.aov = aov(Daily_Flux ~ Treatment:Treatment.2 * year, data = CO2) 
summary(CO2.aov) 
##                            Df   Sum Sq  Mean Sq F value Pr(>F)     
## year                        1 1.24e+08 1.24e+08    6.88   0.01 *   
## Treatment:Treatment.2      11 1.80e+09 1.63e+08    9.09  8e-11 *** 
## Treatment:Treatment.2:year  5 6.97e+07 1.39e+07    0.78   0.57     
## Residuals                  93 1.67e+09 1.80e+07                    
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
CO2.aov.tukey = TukeyHSD(CO2.aov) 
# CO2.aov.tukey 
 
# Q: In 2011 were there differences between the ant and empty 
treatments? A: 
# significant differences in the plus3 and plus5 treatments there also 
seems 
# to be no significant changes across temperature treatments (maybe an 
# increasing trend in the ant mesocosms p=0.14) 
CO2.2011.aov <- aov(Daily_Flux ~ Treatment * Treatment.2, data = 
CO2.2011) 
summary(CO2.2011.aov) 
##                       Df   Sum Sq  Mean Sq F value  Pr(>F)     
## Treatment              2 5.40e+07 2.70e+07    1.23   0.305     
## Treatment.2            1 5.68e+08 5.68e+08   25.92 1.5e-05 *** 
## Treatment:Treatment.2  2 1.77e+08 8.87e+07    4.05   0.027 *   
## Residuals             32 7.01e+08 2.19e+07                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
CO2.2011.aov.tukey = TukeyHSD(CO2.2011.aov) 
# CO2.2011.aov.tukey 
 
# Q: In 2012 were there differences between the ant and empty 
treatments? A: 
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# the warmer ant treatments have higher CO2 rates than the control, the 
+3.5 
# ant treatment has higher respiration rates than the empty treatment 
# (p=0.004) the +5 ant treatment has higher respiration rates than the 
empty 
# treatment (p=0.06) 
CO2.2012.aov <- aov(Daily_Flux ~ Treatment * Treatment.2, data = 
CO2.2012) 
summary(CO2.2012.aov) 
##                       Df   Sum Sq  Mean Sq F value  Pr(>F)     
## Treatment              2 4.55e+08 2.28e+08   14.31 8.0e-06 *** 
## Treatment.2            3 5.16e+08 1.72e+08   10.82 8.5e-06 *** 
## Treatment:Treatment.2  6 9.67e+07 1.61e+07    1.01    0.43     
## Residuals             61 9.70e+08 1.59e+07                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
CO2.2012.aov.tukey = TukeyHSD(CO2.2012.aov) 
# CO2.2012.aov.tukey 
 
# Nitrogen ANOVAs start here Q: Are there differences in teh NH3 
# concetrations across the treatmetns?  A: Lower NH3 concentrations in 
the 
# +5 Ant treatments than in the controls, the control ants treatment is 
# higher than the empty and manual manipulation treatment.  The +3.5 
worm 
# treatment has higher concentrrations of NH3 than the empty and manual 
# manipulation 
NH3.aov <- aov(NH3 ~ Treatment * Treatment.2, data = Nitrogen) 
summary(NH3.aov) 
##                        Df Sum Sq Mean Sq F value  Pr(>F)     
## Treatment               2   0.40   0.200    5.02  0.0083 **  
## Treatment.2             3   1.72   0.572   14.34 6.7e-08 *** 
## Treatment:Treatment.2   6   1.72   0.287    7.21 1.8e-06 *** 
## Residuals             105   4.19   0.040                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
NH3.aov.tukey = TukeyHSD(NH3.aov) 
# NH3.aov.tukey 
 
# Q: Are there differences in NO3 between the temperature and 
manipulation 
# treatments? A: The two warmer ant treatmetns are lower than the 
control 
# and the control ant ratio is higher than the control empty The +3.5 
Worm 
# treatment seems to increase while the ant treatment decreases so 
there is 
# a significant interaction here. 
NO3.aov <- aov(NO3 ~ Treatment * Treatment.2, data = Nitrogen) 
summary(NO3.aov) 
##                        Df Sum Sq Mean Sq F value  Pr(>F)     
## Treatment               2 0.0048 0.00242    2.43 0.09307 .   
## Treatment.2             3 0.0083 0.00276    2.77 0.04518 *   
## Treatment:Treatment.2   6 0.0253 0.00421    4.23 0.00074 *** 
## Residuals             105 0.1045 0.00099                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
NO3.aov.tukey = TukeyHSD(NO3.aov) 
# NO3.aov.tukey 
 
# Q: Do the differences in NH4 and NO3 translate to differences in 
# Available.N? A: Yes, significant treatment block and interaction 
effects 
N.aov.a <- aov(Available.N ~ Treatment * Treatment.2, data = Nitrogen) 
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summary(N.aov.a) 
##                        Df Sum Sq Mean Sq F value  Pr(>F)     
## Treatment               2   0.47   0.234    4.94  0.0089 **  
## Treatment.2             3   1.91   0.636   13.43 1.7e-07 *** 
## Treatment:Treatment.2   6   2.05   0.342    7.23 1.8e-06 *** 
## Residuals             105   4.97   0.047                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
# N.aov.a.tukey = TukeyHSD (N.aov.a) N.aov.a.tukey 
 
# Q: Do the differences in NH4 and NO3 translate to differences in 
# Mineralization.rate? A: Yes, significant treatment block and 
interaction 
# effects 
N.aov.b <- aov(Mineralization.rate ~ Treatment * Treatment.2, data = 
Nitrogen) 
summary(N.aov.b) 
##                        Df   Sum Sq  Mean Sq F value  Pr(>F)     
## Treatment               2 0.000065 3.24e-05    4.94  0.0089 **  
## Treatment.2             3 0.000264 8.80e-05   13.43 1.7e-07 *** 
## Treatment:Treatment.2   6 0.000284 4.74e-05    7.23 1.8e-06 *** 
## Residuals             105 0.000688 6.60e-06                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
# N.aov.b.tukey = TukeyHSD (N.aov.b) N.aov.b.tukey 
 
# Q: Do the differences in NH4 and NO3 translate to differences in 
# Nitrification.rate? A: Warming trend but not significant but 
significant 
# block and interaction effects are observe 
N.aov.c <- aov(Nitrification.rate ~ Treatment * Treatment.2, data = 
Nitrogen) 
summary(N.aov.c) 
##                        Df   Sum Sq  Mean Sq F value  Pr(>F)     
## Treatment               2 6.70e-07 3.34e-07    2.43 0.09307 .   
## Treatment.2             3 1.15e-06 3.82e-07    2.77 0.04518 *   
## Treatment:Treatment.2   6 3.50e-06 5.83e-07    4.23 0.00074 *** 
## Residuals             105 1.45e-05 1.38e-07                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
# N.aov.c.tukey = TukeyHSD (N.aov.c) N.aov.c.tukey 
 
 
# supplementary plots for available N, miniralization rate and 
nitrification 
# rate 
 
library(ggplot2) 
library(grid) 
library(gridExtra) 
 
summarySE <- function(data = NULL, measurevar, groupvars = NULL, na.rm 
= FALSE,  
    conf.interval = 0.95, .drop = TRUE) { 
    require(plyr) 
 
    # New version of length which can handle NA's: if na.rm==T, don't 
count them 
    length2 <- function(x, na.rm = FALSE) { 
        if (na.rm)  
            sum(!is.na(x)) else length(x) 
    } 
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    # This does the summary. For each group's data frame, return a 
vector with 
    # N, mean, and sd 
    datac <- ddply(data, groupvars, .drop = .drop, .fun = function(xx, 
col) { 
        c(N = length2(xx[[col]], na.rm = na.rm), mean = mean(xx[[col]], 
na.rm = na.rm),  
            sd = sd(xx[[col]], na.rm = na.rm)) 
    }, measurevar) 
 
    # Rename the 'mean' column 
    datac <- rename(datac, c(mean = measurevar)) 
 
    datac$se <- datac$sd/sqrt(datac$N)  # Calculate standard error of 
the mean 
 
    # Confidence interval multiplier for standard error Calculate t-
statistic 
    # for confidence interval: e.g., if conf.interval is .95, use .975 
    # (above/below), and use df=N-1 
    ciMult <- qt(conf.interval/2 + 0.5, datac$N - 1) 
    datac$ci <- datac$se * ciMult 
 
    return(datac) 
} 
 
 
# Q: Do the differences in NH4 and NO3 translate to differences in 
# Available.N? 
nitrogen.Available.N.summary <- summarySE(Nitrogen, measurevar = 
"Available.N",  
    groupvars = c("Treatment", "Treatment.2")) 
nitrogen.Available.N.summary 
##    Treatment Treatment.2  N Available.N      sd      se      ci 
## 1    Control        Ants 23      0.7879 0.15928 0.03321 0.06888 
## 2    Control       Empty  9      0.2967 0.11801 0.03934 0.09071 
## 3    Control      Manual  4      0.3189 0.09400 0.04700 0.14958 
## 4    Control       Worms  4      0.4088 0.19389 0.09695 0.30853 
## 5    Plus3.5        Ants 24      0.6749 0.15062 0.03074 0.06360 
## 6    Plus3.5       Empty  9      0.3940 0.08875 0.02958 0.06822 
## 7    Plus3.5      Manual  4      0.3203 0.11336 0.05668 0.18038 
## 8    Plus3.5       Worms  4      1.0701 0.90016 0.45008 1.43236 
## 9      Plus5        Ants 22      0.4365 0.12430 0.02650 0.05511 
## 10     Plus5       Empty  7      0.4567 0.28945 0.10940 0.26769 
## 11     Plus5      Manual  4      0.5222 0.26951 0.13476 0.42885 
## 12     Plus5       Worms  3      0.6735 0.18131 0.10468 0.45041 
e = ggplot(nitrogen.Available.N.summary, aes(x = Treatment, y = 
Available.N,  
    group = Treatment.2)) + geom_line(size = 1, aes(linetype = 
Treatment.2,  
    colour = Treatment.2)) + scale_linetype_manual(breaks = c("Ants", 
"Empty",  
    "Manual", "Worms"), values = c(1, 1, 1, 1)) + 
scale_color_manual(values = c("black",  
    "red", "#4393c3", "#f46d43")) + geom_point(aes(colour = 
factor(Treatment.2),  
    size = 3)) + geom_errorbar(aes(ymin = Available.N - se, ymax = 
Available.N +  
    se), size = 0.2, width = 0) + xlab("") + ylab("Available Nitrogen 
(g/L/day)") +  
    scale_fill_grey() + theme_bw() + theme(legend.position = "none") + 
theme(axis.text.x = element_text(angle = 45,  
    hjust = 1)) + theme(axis.text = element_text(size = 10), axis.title 
= element_text(size = 12,  
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    face = "bold")) 
 
# Q: Do the differences in NH4 and NO3 translate to differences in 
# Mineralization.rate? 
N.aov.b <- aov(Mineralization.rate ~ Treatment * Treatment.2, data = 
Nitrogen) 
summary(N.aov.b) 
##                        Df   Sum Sq  Mean Sq F value  Pr(>F)     
## Treatment               2 0.000065 3.24e-05    4.94  0.0089 **  
## Treatment.2             3 0.000264 8.80e-05   13.43 1.7e-07 *** 
## Treatment:Treatment.2   6 0.000284 4.74e-05    7.23 1.8e-06 *** 
## Residuals             105 0.000688 6.60e-06                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
nitrogen.Mineralization.rate.summary <- summarySE(Nitrogen, measurevar 
= "Mineralization.rate",  
    groupvars = c("Treatment", "Treatment.2")) 
nitrogen.Mineralization.rate.summary 
##    Treatment Treatment.2  N Mineralization.rate       sd        se 
## 1    Control        Ants 23            0.009269 0.001874 0.0003907 
## 2    Control       Empty  9            0.003490 0.001388 0.0004628 
## 3    Control      Manual  4            0.003752 0.001106 0.0005530 
## 4    Control       Worms  4            0.004809 0.002281 0.0011406 
## 5    Plus3.5        Ants 24            0.007940 0.001772 0.0003617 
## 6    Plus3.5       Empty  9            0.004635 0.001044 0.0003480 
## 7    Plus3.5      Manual  4            0.003768 0.001334 0.0006668 
## 8    Plus3.5       Worms  4            0.012590 0.010590 0.0052951 
## 9      Plus5        Ants 22            0.005136 0.001462 0.0003118 
## 10     Plus5       Empty  7            0.005373 0.003405 0.0012871 
## 11     Plus5      Manual  4            0.006144 0.003171 0.0015854 
## 12     Plus5       Worms  3            0.007924 0.002133 0.0012315 
##           ci 
## 1  0.0008103 
## 2  0.0010672 
## 3  0.0017598 
## 4  0.0036297 
## 5  0.0007482 
## 6  0.0008026 
## 7  0.0021222 
## 8  0.0168513 
## 9  0.0006484 
## 10 0.0031494 
## 11 0.0050453 
## 12 0.0052989 
f = ggplot(nitrogen.Mineralization.rate.summary, aes(x = Treatment, y = 
Mineralization.rate,  
    group = Treatment.2)) + geom_line(size = 1, aes(linetype = 
Treatment.2,  
    colour = Treatment.2)) + scale_linetype_manual(breaks = c("Ants", 
"Empty",  
    "Manual", "Worms"), values = c(1, 1, 1, 1)) + 
scale_color_manual(values = c("black",  
    "red", "#4393c3", "#f46d43")) + geom_point(aes(colour = 
factor(Treatment.2),  
    size = 3)) + geom_errorbar(aes(ymin = Mineralization.rate - se, 
ymax = Mineralization.rate +  
    se), size = 0.2, width = 0) + xlab("") + ylab("Mineralization Rate 
(g/L/day)") +  
    scale_fill_grey() + theme_bw() + theme(legend.position = "none") + 
theme(axis.text.x = element_text(angle = 45,  
    hjust = 1)) + theme(axis.text = element_text(size = 10), axis.title 
= element_text(size = 12,  
    face = "bold")) 
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# Q: Do the differences in NH4 and NO3 translate to differences in 
# Nitrification.rate? 
N.aov.c <- aov(Nitrification.rate ~ Treatment * Treatment.2, data = 
Nitrogen) 
summary(N.aov.c) 
##                        Df   Sum Sq  Mean Sq F value  Pr(>F)     
## Treatment               2 6.70e-07 3.34e-07    2.43 0.09307 .   
## Treatment.2             3 1.15e-06 3.82e-07    2.77 0.04518 *   
## Treatment:Treatment.2   6 3.50e-06 5.83e-07    4.23 0.00074 *** 
## Residuals             105 1.45e-05 1.38e-07                     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
nitrogen.Nitrification.rate.summary <- summarySE(Nitrogen, measurevar = 
"Nitrification.rate",  
    groupvars = c("Treatment", "Treatment.2")) 
nitrogen.Nitrification.rate.summary 
##    Treatment Treatment.2  N Nitrification.rate        sd        se 
## 1    Control        Ants 23          3.264e-04 5.251e-04 1.095e-04 
## 2    Control       Empty  9          0.000e+00 0.000e+00 0.000e+00 
## 3    Control      Manual  4          1.662e-05 3.324e-05 1.662e-05 
## 4    Control       Worms  4          0.000e+00 0.000e+00 0.000e+00 
## 5    Plus3.5        Ants 24          0.000e+00 0.000e+00 0.000e+00 
## 6    Plus3.5       Empty  9          0.000e+00 0.000e+00 0.000e+00 
## 7    Plus3.5      Manual  4          0.000e+00 0.000e+00 0.000e+00 
## 8    Plus3.5       Worms  4          1.002e-03 1.672e-03 8.361e-04 
## 9      Plus5        Ants 22          0.000e+00 0.000e+00 0.000e+00 
## 10     Plus5       Empty  7          0.000e+00 0.000e+00 0.000e+00 
## 11     Plus5      Manual  4          0.000e+00 0.000e+00 0.000e+00 
## 12     Plus5       Worms  3          1.776e-05 3.077e-05 1.776e-05 
##           ci 
## 1  2.271e-04 
## 2  0.000e+00 
## 3  5.288e-05 
## 4  0.000e+00 
## 5  0.000e+00 
## 6  0.000e+00 
## 7  0.000e+00 
## 8  2.661e-03 
## 9  0.000e+00 
## 10 0.000e+00 
## 11 0.000e+00 
## 12 7.644e-05 
g = ggplot(nitrogen.Nitrification.rate.summary, aes(x = Treatment, y = 
Nitrification.rate,  
    group = Treatment.2)) + geom_line(size = 1, aes(linetype = 
Treatment.2,  
    colour = Treatment.2)) + scale_linetype_manual(breaks = c("Ants", 
"Empty",  
    "Manual", "Worms"), values = c(1, 1, 1, 1)) + 
scale_color_manual(values = c("black",  
    "red", "#4393c3", "#f46d43")) + geom_point(aes(colour = 
factor(Treatment.2),  
    size = 3)) + geom_errorbar(aes(ymin = Nitrification.rate - se, ymax 
= Nitrification.rate +  
    se), size = 0.2, width = 0) + xlab("") + ylab("Nitrification Rate 
(g/L/day)") +  
    scale_fill_grey() + theme_bw() + theme(legend.position = "none") + 
theme(axis.text.x = element_text(angle = 45,  
    hjust = 1)) + theme(axis.text = element_text(size = 10), axis.title 
= element_text(size = 12,  
    face = "bold")) 
grid.arrange(e, f, g) 
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APPENDIX 3 
 
PATH ANALYSIS DATA AND CODE 
Last edited: I. Del Toro April 9, 2014 Path Analysis for evaluating the direct and indirect influence of ants & 
warming on mesocosm processes Identifying the direct and indirect effects of Warming and Soil 
manipulation on ecosystem processes  
To use the path analyses we interpolated the amount of soil displaced for 13 mesocosms for the 2012 
sampling season, given the relationship between the observed soil displaced and temperature in 24 other 
mesocosms that year. We then randomly sampled within the 95% confidence intervals of the observed 
values to account for normal variation within the temperature treatments.  
# load in data and libraries 
library(plspm) 
## Loading required package: amap 
## Loading required package: diagram 
## Loading required package: shape 
## Loading required package: tester 
## Loading required package: turner 
library(reshape) 
## Loading required package: plyr 
##  
## Attaching package: 'reshape' 
##  
## The following objects are masked from 'package:plyr': 
##  
##     rename, round_any 
library(plyr) 
# set wd 
setwd("C:/Users/Israel/Dropbox/Ant Mesocosms/Data and Code/") 
# load data 
raw_data <- read.csv("path_analysis_raw_data.csv", header = T) 
 
# prepare the 2011 data (Figure 3A) 
data.2011 = raw_data[which(raw_data$year == "2011"), ] 
data.2011$NO3 <- NULL 
data.2011$NH3 <- NULL 
 
# inner model matrix 
warming = c(0, 0, 0, 0, 0, 0) 
Ants = c(0, 0, 0, 0, 0, 0) 
Soil_Displaced = c(0, 1, 0, 0, 0, 0) 
Mass_Lost_10mm = c(1, 1, 0, 0, 0, 0) 
Mass_Lost_01mm = c(1, 1, 0, 0, 0, 0) 
Daily_CO2 = c(1, 1, 1, 1, 1, 0) 
 
Path_inner = rbind(warming, Ants, Soil_Displaced, Mass_Lost_10mm, 
Mass_Lost_01mm,  
    Daily_CO2) 
 
innerplot(Path_inner) 
 
 
# develop the outter model 
Path_outter = list(3, 4, 6, 7, 8, 9) 
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# modes designates the model as a reflective model 
Path_modes = rep("A", 6) 
 
# Run it plspm(Data, inner matrix, outer list, modes) 
Path_pls.2011 = plspm(data.2011, Path_inner, Path_outter, Path_modes) 
plot(Path_pls.2011) 
 
summary(Path_pls.2011) 
## PARTIAL LEAST SQUARES PATH MODELING (PLS-PM)  
##  
## ----------------------------------------------------------  
## MODEL SPECIFICATION  
## 1   Number of Cases      38  
## 2   Latent Variables     6  
## 3   Manifest Variables   6  
## 4   Scale of Data        Standardized Data  
## 5   Non-Metric PLS       FALSE  
## 6   Weighting Scheme     centroid  
## 7   Tolerance Crit       1e-06  
## 8   Max Num Iters        100  
## 9   Convergence Iters    2  
## 10  Bootstrapping        FALSE  
## 11  Bootstrap samples    NULL  
##  
## ----------------------------------------------------------  
## BLOCKS DEFINITION  
##              Block         Type   Size   Mode 
## 1          warming    Exogenous      1      A 
## 2             Ants    Exogenous      1      A 
## 3   Soil_Displaced   Endogenous      1      A 
## 4   Mass_Lost_10mm   Endogenous      1      A 
## 5   Mass_Lost_01mm   Endogenous      1      A 
## 6        Daily_CO2   Endogenous      1      A 
##  
## ----------------------------------------------------------  
## BLOCKS UNIDIMENSIONALITY  
##                 Mode  MVs  C.alpha  DG.rho  eig.1st  eig.2nd 
## warming            A    1        1       1        1        0 
## Ants               A    1        1       1        1        0 
## Soil_Displaced     A    1        1       1        1        0 
## Mass_Lost_10mm     A    1        1       1        1        0 
## Mass_Lost_01mm     A    1        1       1        1        0 
## Daily_CO2          A    1        1       1        1        0 
##  
## ----------------------------------------------------------  
## OUTER MODEL  
##                     weight  loading  communality  redundancy 
## warming                                                      
##   1 Warming              1        1            1       0.000 
## Ants                                                         
##   2 Ants                 1        1            1       0.000 
## Soil_Displaced                                               
##   3 Soil_Displaced       1        1            1       0.744 
## Mass_Lost_10mm                                               
##   4 Mass_Lost_10mm       1        1            1       0.333 
## Mass_Lost_01mm                                               
##   5 Mass_Lost_01mm       1        1            1       0.420 
## Daily_CO2                                                    
##   6 Daily_CO2            1        1            1       0.421 
##  
## ----------------------------------------------------------  
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## CROSSLOADINGS  
##                     warming     Ants  Soil_Displaced  Mass_Lost_10mm 
## warming                                                              
##   1 Warming          1.0000   0.0285          0.2928         -0.5157 
## Ants                                                                 
##   2 Ants             0.0285   1.0000          0.8626          0.2452 
## Soil_Displaced                                                       
##   3 Soil_Displaced   0.2928   0.8626          1.0000         -0.0299 
## Mass_Lost_10mm                                                       
##   4 Mass_Lost_10mm  -0.5157   0.2452         -0.0299          1.0000 
## Mass_Lost_01mm                                                       
##   5 Mass_Lost_01mm  -0.5704  -0.3245         -0.5327          0.4318 
## Daily_CO2                                                            
##   6 Daily_CO2        0.1568   0.6206          0.6083         -0.0173 
##                     Mass_Lost_01mm  Daily_CO2 
## warming                                       
##   1 Warming                 -0.570     0.1568 
## Ants                                          
##   2 Ants                    -0.324     0.6206 
## Soil_Displaced                                
##   3 Soil_Displaced          -0.533     0.6083 
## Mass_Lost_10mm                                
##   4 Mass_Lost_10mm           0.432    -0.0173 
## Mass_Lost_01mm                                
##   5 Mass_Lost_01mm           1.000    -0.3144 
## Daily_CO2                                     
##   6 Daily_CO2               -0.314     1.0000 
##  
## ----------------------------------------------------------  
## INNER MODEL  
## $Soil_Displaced 
##             Estimate   Std. Error    t value   Pr(>|t|) 
## Intercept   5.16e-17       0.0843   6.11e-16   1.00e+00 
## Ants        8.63e-01       0.0843   1.02e+01   3.36e-12 
##  
## $Mass_Lost_10mm 
##              Estimate   Std. Error     t value   Pr(>|t|) 
## Intercept    4.04e-17        0.138    2.92e-16   1.000000 
## warming     -5.23e-01        0.138   -3.79e+00   0.000572 
## Ants         2.60e-01        0.138    1.88e+00   0.067897 
##  
## $Mass_Lost_01mm 
##              Estimate   Std. Error     t value   Pr(>|t|) 
## Intercept   -1.93e-16        0.129   -1.50e-15   1.000000 
## warming     -5.62e-01        0.129   -4.36e+00   0.000108 
## Ants        -3.08e-01        0.129   -2.40e+00   0.022070 
##  
## $Daily_CO2 
##                   Estimate   Std. Error     t value   Pr(>|t|) 
## Intercept        -1.24e-16        0.134   -9.23e-16      1.000 
## warming           4.31e-02        0.182    2.37e-01      0.814 
## Ants              5.43e-01        0.325    1.67e+00      0.105 
## Soil_Displaced    1.29e-01        0.337    3.84e-01      0.704 
## Mass_Lost_10mm   -1.29e-01        0.180   -7.18e-01      0.478 
## Mass_Lost_01mm    1.08e-02        0.194    5.59e-02      0.956 
##  
## ----------------------------------------------------------  
## CORRELATIONS BETWEEN LVs  
##                 warming     Ants  Soil_Displaced  Mass_Lost_10mm 
## warming          1.0000   0.0285          0.2928         -0.5157 
## Ants             0.0285   1.0000          0.8626          0.2452 
## Soil_Displaced   0.2928   0.8626          1.0000         -0.0299 
## Mass_Lost_10mm  -0.5157   0.2452         -0.0299          1.0000 
## Mass_Lost_01mm  -0.5704  -0.3245         -0.5327          0.4318 
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## Daily_CO2        0.1568   0.6206          0.6083         -0.0173 
##                 Mass_Lost_01mm  Daily_CO2 
## warming                 -0.570     0.1568 
## Ants                    -0.325     0.6206 
## Soil_Displaced          -0.533     0.6083 
## Mass_Lost_10mm           0.432    -0.0173 
## Mass_Lost_01mm           1.000    -0.3144 
## Daily_CO2               -0.314     1.0000 
##  
## ----------------------------------------------------------  
## SUMMARY INNER MODEL  
##                       Type     R2  Block_Communality  
Mean_Redundancy  AVE 
## warming          Exogenous  0.000                  1            
0.000    1 
## Ants             Exogenous  0.000                  1            
0.000    1 
## Soil_Displaced  Endogenous  0.744                  1            
0.744    1 
## Mass_Lost_10mm  Endogenous  0.333                  1            
0.333    1 
## Mass_Lost_01mm  Endogenous  0.420                  1            
0.420    1 
## Daily_CO2       Endogenous  0.421                  1            
0.421    1 
##  
## ----------------------------------------------------------  
## GOODNESS-OF-FIT  
## [1]  NaN 
##  
## ----------------------------------------------------------  
## TOTAL EFFECTS  
##                        relationships   direct  indirect    total 
## 1                    warming -> Ants   0.0000    0.0000   0.0000 
## 2          warming -> Soil_Displaced   0.0000    0.0000   0.0000 
## 3          warming -> Mass_Lost_10mm  -0.5231    0.0000  -0.5231 
## 4          warming -> Mass_Lost_01mm  -0.5616    0.0000  -0.5616 
## 5               warming -> Daily_CO2   0.0431    0.0614   0.1045 
## 6             Ants -> Soil_Displaced   0.8626    0.0000   0.8626 
## 7             Ants -> Mass_Lost_10mm   0.2601    0.0000   0.2601 
## 8             Ants -> Mass_Lost_01mm  -0.3084    0.0000  -0.3084 
## 9                  Ants -> Daily_CO2   0.5429    0.0747   0.6176 
## 10  Soil_Displaced -> Mass_Lost_10mm   0.0000    0.0000   0.0000 
## 11  Soil_Displaced -> Mass_Lost_01mm   0.0000    0.0000   0.0000 
## 12       Soil_Displaced -> Daily_CO2   0.1293    0.0000   0.1293 
## 13  Mass_Lost_10mm -> Mass_Lost_01mm   0.0000    0.0000   0.0000 
## 14       Mass_Lost_10mm -> Daily_CO2  -0.1289    0.0000  -0.1289 
## 15       Mass_Lost_01mm -> Daily_CO2   0.0108    0.0000   0.0108 
 
## 2012 Data (Figure 3B) 
data.2012 = raw_data[which(raw_data$year == "2012"), ] 
 
# inner model matrix 
warming = c(0, 0, 0, 0, 0, 0, 0, 0) 
Ants = c(0, 0, 0, 0, 0, 0, 0, 0) 
Soil_Displaced = c(0, 1, 0, 0, 0, 0, 0, 0) 
Mass_Lost_10mm = c(1, 1, 0, 0, 0, 0, 0, 0) 
Mass_Lost_01mm = c(1, 1, 0, 0, 0, 0, 0, 0) 
Daily_CO2 = c(1, 1, 1, 1, 0, 0, 0, 0) 
NH3 = c(1, 0, 1, 1, 1, 0, 0, 0) 
NO3 = c(1, 0, 1, 1, 1, 0, 1, 0) 
 
Path_inner = rbind(warming, Ants, Soil_Displaced, Mass_Lost_10mm, 
Mass_Lost_01mm,  
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    Daily_CO2, NH3, NO3) 
 
innerplot(Path_inner) 
 
 
# develop the outter model 
Path_outter = list(3, 4, 6, 7, 8, 9, 11, 10) 
 
# modes designates the model as a reflective model 
Path_modes = rep("A", 8) 
 
# Run it plspm(Data, inner matrix, outer list, modes) 
Path_pls.2012 = plspm(data.2012, Path_inner, Path_outter, Path_modes) 
plot(Path_pls.2012) 
 
 
summary(Path_pls.2012) 
## PARTIAL LEAST SQUARES PATH MODELING (PLS-PM)  
##  
## ----------------------------------------------------------  
## MODEL SPECIFICATION  
## 1   Number of Cases      55  
## 2   Latent Variables     8  
## 3   Manifest Variables   8  
## 4   Scale of Data        Standardized Data  
## 5   Non-Metric PLS       FALSE  
## 6   Weighting Scheme     centroid  
## 7   Tolerance Crit       1e-06  
## 8   Max Num Iters        100  
## 9   Convergence Iters    2  
## 10  Bootstrapping        FALSE  
## 11  Bootstrap samples    NULL  
##  
## ----------------------------------------------------------  
## BLOCKS DEFINITION  
##              Block         Type   Size   Mode 
## 1          warming    Exogenous      1      A 
## 2             Ants    Exogenous      1      A 
## 3   Soil_Displaced   Endogenous      1      A 
## 4   Mass_Lost_10mm   Endogenous      1      A 
## 5   Mass_Lost_01mm   Endogenous      1      A 
## 6        Daily_CO2   Endogenous      1      A 
## 7              NH3   Endogenous      1      A 
## 8              NO3   Endogenous      1      A 
##  
## ----------------------------------------------------------  
## BLOCKS UNIDIMENSIONALITY  
##                 Mode  MVs  C.alpha  DG.rho  eig.1st  eig.2nd 
## warming            A    1        1       1        1        0 
## Ants               A    1        1       1        1        0 
## Soil_Displaced     A    1        1       1        1        0 
## Mass_Lost_10mm     A    1        1       1        1        0 
## Mass_Lost_01mm     A    1        1       1        1        0 
## Daily_CO2          A    1        1       1        1        0 
## NH3                A    1        1       1        1        0 
## NO3                A    1        1       1        1        0 
##  
## ----------------------------------------------------------  
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## OUTER MODEL  
##                     weight  loading  communality  redundancy 
## warming                                                      
##   1 Warming              1        1            1      0.0000 
## Ants                                                         
##   2 Ants                 1        1            1      0.0000 
## Soil_Displaced                                               
##   3 Soil_Displaced       1        1            1      0.6637 
## Mass_Lost_10mm                                               
##   4 Mass_Lost_10mm       1        1            1      0.0755 
## Mass_Lost_01mm                                               
##   5 Mass_Lost_01mm       1        1            1      0.1832 
## Daily_CO2                                                    
##   6 Daily_CO2            1        1            1      0.4168 
## NH3                                                          
##   7 NH3                  1        1            1      0.1414 
## NO3                                                          
##   8 NO3                  1        1            1      0.2855 
##  
## ----------------------------------------------------------  
## CROSSLOADINGS  
##                     warming     Ants  Soil_Displaced  Mass_Lost_10mm 
## warming                                                              
##   1 Warming          1.0000   0.0772          0.4712          -0.052 
## Ants                                                                 
##   2 Ants             0.0772   1.0000          0.8147           0.265 
## Soil_Displaced                                                       
##   3 Soil_Displaced   0.4712   0.8147          1.0000           0.186 
## Mass_Lost_10mm                                                       
##   4 Mass_Lost_10mm  -0.0520   0.2651          0.1856           1.000 
## Mass_Lost_01mm                                                       
##   5 Mass_Lost_01mm  -0.3211  -0.3070         -0.4171           0.439 
## Daily_CO2                                                            
##   6 Daily_CO2        0.3476   0.5116          0.6363           0.200 
## NH3                                                                  
##   7 NH3             -0.2439   0.4455          0.0793           0.241 
## NO3                                                                  
##   8 NO3             -0.3789   0.2080         -0.1312           0.195 
##                     Mass_Lost_01mm  Daily_CO2      NH3      NO3 
## warming                                                         
##   1 Warming                -0.3211      0.348  -0.2439  -0.3789 
## Ants                                                            
##   2 Ants                   -0.3070      0.512   0.4455   0.2080 
## Soil_Displaced                                                  
##   3 Soil_Displaced         -0.4171      0.636   0.0793  -0.1312 
## Mass_Lost_10mm                                                  
##   4 Mass_Lost_10mm          0.4393      0.200   0.2408   0.1946 
## Mass_Lost_01mm                                                  
##   5 Mass_Lost_01mm          1.0000     -0.363   0.0859   0.0825 
## Daily_CO2                                                       
##   6 Daily_CO2              -0.3635      1.000   0.1393  -0.1404 
## NH3                                                             
##   7 NH3                     0.0859      0.139   1.0000   0.4155 
## NO3                                                             
##   8 NO3                     0.0825     -0.140   0.4155   1.0000 
##  
## ----------------------------------------------------------  
## INNER MODEL  
## $Soil_Displaced 
##             Estimate   Std. Error    t value   Pr(>|t|) 
## Intercept   9.87e-17       0.0797   1.24e-15   1.00e+00 
## Ants        8.15e-01       0.0797   1.02e+01   3.81e-14 
##  
## $Mass_Lost_10mm 
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##              Estimate   Std. Error     t value   Pr(>|t|) 
## Intercept    1.69e-16        0.133    1.27e-15     1.0000 
## warming     -7.29e-02        0.134   -5.45e-01     0.5882 
## Ants         2.71e-01        0.134    2.02e+00     0.0481 
##  
## $Mass_Lost_01mm 
##              Estimate   Std. Error     t value   Pr(>|t|) 
## Intercept   -3.77e-16        0.125   -3.01e-15     1.0000 
## warming     -2.99e-01        0.126   -2.38e+00     0.0210 
## Ants        -2.84e-01        0.126   -2.26e+00     0.0282 
##  
## $Daily_CO2 
##                  Estimate   Std. Error    t value   Pr(>|t|) 
## Intercept        1.82e-16        0.108   1.69e-15      1.000 
## warming          9.02e-02        0.153   5.89e-01      0.559 
## Ants             3.01e-02        0.235   1.28e-01      0.899 
## Soil_Displaced   5.52e-01        0.263   2.10e+00      0.041 
## Mass_Lost_10mm   9.44e-02        0.112   8.40e-01      0.405 
##  
## $NH3 
##                   Estimate   Std. Error     t value   Pr(>|t|) 
## Intercept        -1.29e-16        0.131   -9.85e-16     1.0000 
## warming          -3.30e-01        0.151   -2.19e+00     0.0334 
## Soil_Displaced    1.83e-01        0.175    1.04e+00     0.3016 
## Mass_Lost_10mm    2.04e-01        0.164    1.24e+00     0.2189 
## Mass_Lost_01mm   -3.36e-02        0.177   -1.89e-01     0.8507 
##  
## $NO3 
##                   Estimate   Std. Error     t value   Pr(>|t|) 
## Intercept        -5.07e-16        0.121   -4.20e-15     1.0000 
## warming          -2.83e-01        0.146   -1.94e+00     0.0577 
## Soil_Displaced   -1.41e-01        0.163   -8.61e-01     0.3933 
## Mass_Lost_10mm    2.11e-01        0.154    1.37e+00     0.1766 
## Mass_Lost_01mm   -1.87e-01        0.163   -1.15e+00     0.2573 
## NH3               3.23e-01        0.130    2.48e+00     0.0167 
##  
## ----------------------------------------------------------  
## CORRELATIONS BETWEEN LVs  
##                 warming     Ants  Soil_Displaced  Mass_Lost_10mm 
## warming          1.0000   0.0772          0.4712          -0.052 
## Ants             0.0772   1.0000          0.8147           0.265 
## Soil_Displaced   0.4712   0.8147          1.0000           0.186 
## Mass_Lost_10mm  -0.0520   0.2651          0.1856           1.000 
## Mass_Lost_01mm  -0.3211  -0.3070         -0.4171           0.439 
## Daily_CO2        0.3476   0.5116          0.6363           0.200 
## NH3             -0.2439   0.4455          0.0793           0.241 
## NO3             -0.3789   0.2080         -0.1312           0.195 
##                 Mass_Lost_01mm  Daily_CO2      NH3      NO3 
## warming                -0.3211      0.348  -0.2439  -0.3789 
## Ants                   -0.3070      0.512   0.4455   0.2080 
## Soil_Displaced         -0.4171      0.636   0.0793  -0.1312 
## Mass_Lost_10mm          0.4393      0.200   0.2408   0.1946 
## Mass_Lost_01mm          1.0000     -0.363   0.0859   0.0825 
## Daily_CO2              -0.3635      1.000   0.1393  -0.1404 
## NH3                     0.0859      0.139   1.0000   0.4155 
## NO3                     0.0825     -0.140   0.4155   1.0000 
##  
## ----------------------------------------------------------  
## SUMMARY INNER MODEL  
##                       Type      R2  Block_Communality  
Mean_Redundancy 
## warming          Exogenous  0.0000                  1           
0.0000 
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## Ants             Exogenous  0.0000                  1           
0.0000 
## Soil_Displaced  Endogenous  0.6637                  1           
0.6637 
## Mass_Lost_10mm  Endogenous  0.0755                  1           
0.0755 
## Mass_Lost_01mm  Endogenous  0.1832                  1           
0.1832 
## Daily_CO2       Endogenous  0.4168                  1           
0.4168 
## NH3             Endogenous  0.1414                  1           
0.1414 
## NO3             Endogenous  0.2855                  1           
0.2855 
##                 AVE 
## warming           1 
## Ants              1 
## Soil_Displaced    1 
## Mass_Lost_10mm    1 
## Mass_Lost_01mm    1 
## Daily_CO2         1 
## NH3               1 
## NO3               1 
##  
## ----------------------------------------------------------  
## GOODNESS-OF-FIT  
## [1]  NaN 
##  
## ----------------------------------------------------------  
## TOTAL EFFECTS  
##                        relationships   direct  indirect    total 
## 1                    warming -> Ants   0.0000   0.00000   0.0000 
## 2          warming -> Soil_Displaced   0.0000   0.00000   0.0000 
## 3          warming -> Mass_Lost_10mm  -0.0729   0.00000  -0.0729 
## 4          warming -> Mass_Lost_01mm  -0.2992   0.00000  -0.2992 
## 5               warming -> Daily_CO2   0.0902  -0.00688   0.0833 
## 6                     warming -> NH3  -0.3303  -0.00485  -0.3351 
## 7                     warming -> NO3  -0.2831  -0.06754  -0.3506 
## 8             Ants -> Soil_Displaced   0.8147   0.00000   0.8147 
## 9             Ants -> Mass_Lost_10mm   0.2707   0.00000   0.2707 
## 10            Ants -> Mass_Lost_01mm  -0.2839   0.00000  -0.2839 
## 11                 Ants -> Daily_CO2   0.0301   0.47510   0.5052 
## 12                       Ants -> NH3   0.0000   0.21397   0.2140 
## 13                       Ants -> NO3   0.0000   0.06468   0.0647 
## 14  Soil_Displaced -> Mass_Lost_10mm   0.0000   0.00000   0.0000 
## 15  Soil_Displaced -> Mass_Lost_01mm   0.0000   0.00000   0.0000 
## 16       Soil_Displaced -> Daily_CO2   0.5518   0.00000   0.5518 
## 17             Soil_Displaced -> NH3   0.1830   0.00000   0.1830 
## 18             Soil_Displaced -> NO3  -0.1407   0.05912  -0.0816 
## 19  Mass_Lost_10mm -> Mass_Lost_01mm   0.0000   0.00000   0.0000 
## 20       Mass_Lost_10mm -> Daily_CO2   0.0944   0.00000   0.0944 
## 21             Mass_Lost_10mm -> NH3   0.2044   0.00000   0.2044 
## 22             Mass_Lost_10mm -> NO3   0.2106   0.06601   0.2766 
## 23       Mass_Lost_01mm -> Daily_CO2   0.0000   0.00000   0.0000 
## 24             Mass_Lost_01mm -> NH3  -0.0336   0.00000  -0.0336 
## 25             Mass_Lost_01mm -> NO3  -0.1873  -0.01084  -0.1982 
## 26                  Daily_CO2 -> NH3   0.0000   0.00000   0.0000 
## 27                  Daily_CO2 -> NO3   0.0000   0.00000   0.0000 
## 28                        NH3 -> NO3   0.3230   0.00000   0.3230 
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APPENDIX 4 
 
SITE LEVEL ESTIMATED FUNCTIONAL GROUP RICHNESS 
 
 
SiteI
D eve div dis rao 
S_SDM_Ri
chness 
Obs_Ric
hness 
F
G
R 
S_F
GM 
grou
p1 
rich
ness 
grou
p2 
rich
ness 
grou
p3 
rich
ness 
grou
p4 
rich
ness 
grou
p5 
rich
ness 
group6_ri
chness 
group7_ri
chness 
group8_ri
chness 
group9_ri
chness 
group10_r
ichness 
Longi
tude 
Latit
ude 
Eleva
tion 
GWS
F 
0.928
28 
0.892
668 
0.351
854 
0.082
507 17 5 5 5 1 2 0 0 0 3 0 3 0 3 
-
72.81
17 
43.6
755 512 
ARSP 
0.840
77 
0.891
946 
0.276
724 
0.080
53 4 6 4 4 0 1 1 1 1 0 0 0 0 0 
-
68.01
48 
46.6
067 285 
BAXP 
0.850
553 
0.885
903 
0.303
151 
0.098
462 9 6 4 3 0 1 0 1 0 0 0 0 0 1 
-
68.85
2 
46.1
645 215 
CRKS
P 
0.696
69 
0.924
151 
0.362
559 
0.136
06 27 6 6 9 6 3 0 0 0 3 2 0 5 6 
-
79.77
85 
39.6
568 680 
MTG
SR 
0.711
739 
0.845
369 
0.287
1 
0.092
825 46 6 6 8 7 0 4 0 3 9 3 7 3 7 
-
73.16
7 
42.6
354 1020 
MTG
SR-2 
0.733
367 
0.863
86 
0.321
563 
0.111
425 46 6 6 9 8 5 4 0 0 9 0 7 0 7 
-
73.21
63 
42.5
54 514 
WFS
P 
0.633
343 
0.834
026 
0.263
138 
0.079
686 1 6 5 4 0 1 0 1 0 1 0 1 0 0 
-
68.65
86 
46.9
648 186 
FBSF 
0.645
393 
0.894
776 
0.253
021 
0.074
807 21 7 6 8 2 3 1 0 0 3 2 2 4 6 
-
79.35
93 
39.9
571 805 
PACS
F 
0.676
077 
0.841
557 
0.346
051 
0.122
244 58 7 7 9 10 5 4 0 3 13 5 8 7 7 
-
71.89
29 
41.6
117 143 
CFSP 
0.367
621 
0.958
639 
0.173
105 
0.065
546 61 8 8 10 12 5 4 4 4 13 7 5 8 6 
-
77.43
62 
39.6
976 289 
FBSP 
0.685
542 
0.881
239 
0.270
245 
0.090
391 3 8 6 8 8 5 3 3 3 11 3 0 0 5 
-
70.09
02 
43.8
202 18 
GMN
F3 
0.792
77 
0.733
831 
0.328
352 
0.112
493 14 8 7 9 1 2 3 2 1 3 1 2 0 1 
-
72.87
87 
43.8
66 347 
LRSP 
0.812
124 
0.946
8 
0.367
812 
0.140
034 17 8 6 6 4 3 0 0 0 3 3 1 0 5 
-
78.92
38.8
952 626 
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69 
MMS
P 
0.800
236 
0.715
766 
0.344
331 
0.122
03 43 8 8 8 7 5 4 0 3 9 2 7 0 7 
-
72.08
68 
42.8
404 386 
GFSP 
0.725
508 
0.829
465 
0.374
159 
0.140
848 42 9 9 10 11 3 1 1 1 11 6 3 7 4 
-
76.39
07 
39.4
658 92 
QUE
SP 
0.696
938 
0.793
1 
0.321
509 
0.107
529 22 9 7 9 5 3 3 2 0 3 2 1 1 3 
-
72.41
24 
43.6
445 217 
HFLT
ER 
0.764
891 
0.913
202 
0.333
392 
0.117
382 45 10 7 8 8 5 4 3 0 9 0 7 3 7 
-
72.18
94 
42.5
339 344 
LACS
F 
0.694
397 
0.858
066 
0.322
455 
0.110
136 35 10 8 7 7 5 3 2 2 7 3 2 3 5 
-
75.84
79 
41.1
107 424 
PGSP 
0.621
197 
0.955
608 
0.306
787 
0.103
914 14 10 7 7 3 0 2 0 0 0 2 2 1 4 
-
79.29
43 
39.4
024 913 
RBSP 
0.722
426 
0.649
884 
0.278
92 
0.085
882 11 10 6 7 1 1 1 2 0 3 0 3 1 1 
-
67.48
2 
44.6
164 13 
WEIS
F2 
0.731
292 
0.793
328 
0.363
398 
0.135
829 46 10 7 9 11 5 3 0 3 9 6 3 5 5 
-
76.66
56 
40.7
868 271 
WM
NF2 
0.773
379 0.717 
0.221
149 
0.068
402 12 10 6 6 1 2 2 1 0 3 0 3 0 2 
-
71.42
98 
44.3
611 450 
WSF 
0.816
973 
0.928
086 
0.347
246 
0.127
391 38 10 8 10 9 2 1 2 1 5 7 3 6 5 
-
77.80
97 
38.6
721 165 
CSF 
0.616
934 
0.901
323 
0.384
057 
0.148
417 19 11 6 9 4 1 0 1 1 3 4 1 4 2 
-
78.32
24 
37.5
194 83 
GMN
F1 
0.615
981 
0.941
402 
0.300
112 
0.104
263 27 11 9 10 2 2 3 2 2 9 1 5 2 4 
-
73.02
01 
42.8
964 658 
PITSF 
0.753
812 
0.926
184 
0.360
775 
0.134
099 43 11 7 9 9 5 4 3 0 7 3 4 4 7 
-
73.30
8 
42.4
706 378 
WEIS
F1 
0.608
231 
0.915
064 
0.342
646 
0.121
632 53 11 8 10 12 6 3 3 3 9 5 5 6 6 
-
76.63
59 
40.5
727 246 
CHES
P 
0.555
553 
0.874
068 
0.337
671 
0.121
485 57 12 7 8 12 5 0 3 0 13 6 6 9 6 
-
74.26
5 
40.4
37 16 
MPS
P 
0.717
876 
0.780
74 
0.346
223 
0.121
931 34 12 8 10 6 4 2 1 1 9 2 6 2 6 
-
68.94
45 
44.4
319 9 
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SRIS
P 
0.705
37 
0.941
515 
0.335
142 
0.124
017 18 12 6 8 3 2 1 0 0 3 2 2 3 4 
-
79.18
43 
39.6
057 774 
WM
NF1 
0.741
668 
0.914
22 
0.377
768 
0.143
522 19 12 7 10 2 2 2 1 1 3 1 5 2 2 
-
71.44
93 
43.8
526 311 
WO
MSP 
0.753
447 
0.908
202 
0.356
307 
0.133
188 63 12 8 10 13 5 4 4 3 15 5 8 8 6 
-
70.83
46 
42.1
944 41 
CHSP 
0.719
563 
0.801
446 
0.354
124 
0.130
114 6 13 7 7 1 2 0 1 0 3 0 1 1 1 
-
72.91
8 
44.2
012 529 
GMN
F2 
0.794
905 
0.880
823 
0.333
947 
0.113
153 41 13 8 8 6 4 4 3 0 9 2 7 0 7 
-
72.91
09 
43.1
391 442 
SPRS
F1 
0.625
847 
0.906
348 
0.329
608 
0.115
668 27 13 8 9 7 4 2 1 0 3 5 1 2 4 
-
77.75
84 
41.3
059 576 
ALLS
P 
0.687
473 
0.726
126 
0.359
298 
0.134
066 63 14 7 7 12 5 0 0 0 15 5 7 9 6 
-
74.14
87 
40.1
481 29 
BESF 
0.747
044 
0.847
877 
0.360
468 
0.132
54 44 14 8 10 10 5 3 1 3 7 6 4 4 5 
-
77.49
66 
40.8
304 545 
WHA
SF 
0.655
212 
0.867
225 
0.377
158 
0.143
592 55 14 7 9 12 5 0 3 2 13 6 4 9 6 
-
74.64
43 
39.6
436 6 
WSR
D 
0.636
946 
0.867
736 
0.322
861 
0.112
981 28 14 9 9 6 4 3 0 1 3 3 2 4 5 
-
79.81
67 
38.0
972 580 
CON
ROB 
0.892
685 
0.602
278 
0.229
9 
0.126
393 28 15 8 9 8 2 0 1 1 5 5 1 5 3 
-
77.58
79 
38.8
066 128 
GASF 
0.852
725 
0.860
307 
0.352
573 
0.128
104 27 15 8 9 4 4 2 1 0 5 2 2 4 6 
-
78.72
67 
40.2
279 791 
GBSF 
0.747
577 
0.811
601 
0.364
376 
0.136
327 21 15 7 8 3 4 1 0 0 3 2 2 3 5 
-
80.30
25 
37.7
727 753 
HPSF 
0.706
081 
0.917
539 
0.347
168 
0.125
248 62 15 7 8 12 5 0 4 0 13 5 8 8 7 
-
71.09
56 
42.6
071 30 
MTC
AR 
0.722
339 
0.915
105 
0.385
9 
0.151
643 24 15 9 9 4 4 2 2 0 5 1 3 1 4 
-
71.82
24 
43.6
323 307 
COKS
F 
0.770
323 
0.920
989 
0.370
034 
0.141
099 64 16 9 10 13 6 4 4 3 13 5 8 8 7 
-
72.50
81 
41.4
038 47 
PESF 
0.647
247 
0.689
004 
0.372
96 
0.141
106 24 16 8 9 5 2 0 1 1 3 5 1 5 3 
-
78.28
37.1
649 197 
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94 
RSF 
0.677
49 
0.744
931 
0.359
082 
0.134
416 51 16 9 10 11 5 3 3 3 11 7 4 5 5 
-
77.89
34 
40.7
151 519 
STKS
F 
0.690
061 
0.842
705 
0.347
396 
0.124
896 38 16 9 9 8 5 2 3 0 7 4 3 5 5 
-
74.79
71 
41.1
855 262 
WILS
F 
0.677
99 
0.891
955 
0.364
383 
0.134
42 60 16 7 10 12 5 4 4 3 13 5 8 7 6 
-
70.94
29 
42.6
646 23 
ANSF 
0.754
125 
0.834
092 
0.346
254 
0.123
393 48 17 7 8 8 5 4 3 0 9 0 7 4 7 
-
71.93
41 
42.7
743 382 
GPR
D 
0.769
018 
0.668
978 
0.351
922 
0.129
806 33 17 8 9 6 4 2 2 0 3 4 3 4 7 
-
79.06
39 
37.9
886 536 
GRRS
F 
0.691
694 
0.768
909 
0.368
32 
0.137
749 29 17 8 10 6 4 1 1 1 3 6 2 3 4 
-
78.44
05 
39.6
659 304 
HFLT
ER2 
0.741
068 
0.618
998 
0.377
562 
0.145
297 51 17 8 10 9 5 4 3 4 9 4 7 4 7 
-
72.21
13 
42.4
739 228 
LRD 
0.828
126 
0.707
9 
0.361
503 
0.133
72 13 17 8 8 3 3 0 0 0 0 4 2 0 1 
-
78.50
1 
38.7
77 382 
BBSP 
0.775
802 
0.804
8 
0.361
534 
0.133
094 44 18 9 9 8 5 3 3 0 9 3 5 5 7 
-
71.38
22 
43.1
643 108 
LSF 
0.691
251 
0.941
913 
0.367
779 
0.136
767 39 18 8 9 8 4 3 2 0 3 4 3 7 7 
-
78.96
93 
37.8
398 398 
RAM
T 
0.703
573 
0.909
036 
0.369
197 
0.137
928 58 18 9 10 11 4 4 3 3 13 5 8 8 6 
-
74.25
33 
41.0
553 267 
ABSF 
0.731
493 
0.787
654 
0.369
621 
0.141
046 23 19 8 9 5 2 0 1 1 3 4 1 5 3 
-
78.64
92 
37.4
343 197 
BTBS
P 
0.651
747 
0.778
515 
0.356
04 
0.129
709 56 19 8 10 12 5 3 3 2 13 5 5 9 6 
-
74.52
26 
39.8
725 43 
CWS
F 
0.720
009 
0.763
61 
0.376
986 
0.145
739 37 19 8 10 9 3 1 1 1 9 6 2 7 3 
-
76.53
43 
37.8
227 35 
MOH
O 
0.767
765 
0.873
745 
0.367
726 
0.137
978 57 19 7 8 11 5 0 0 4 9 6 7 6 7 
-
72.52
69 
42.2
949 128 
NATS
F 
0.731
29 
0.823
208 
0.360
553 
0.135
171 55 20 9 10 8 5 4 3 4 11 5 8 6 7 
-
72.05
09 
41.8
752 155 
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PRSF 
0.805
825 
0.769
219 
0.390
989 
0.154
913 47 20 8 9 11 4 3 2 0 11 5 3 8 6 
-
75.50
95 
38.1
833 16 
SPRS
F2 
0.605
044 
0.871
321 
0.343
86 
0.121
388 20 20 9 9 6 2 2 1 0 0 3 2 1 3 
-
77.88
02 
41.1
734 683 
WM
NF3 
0.641
208 
0.905
55 
0.369
552 
0.140
457 20 20 8 8 3 2 2 2 0 5 1 4 0 2 
-
70.88
26 
44.3
985 221 
DRR
D 
0.723
45 
0.829
45 
0.379
143 
0.146
252 15 21 8 6 4 3 0 0 0 0 4 1 0 3 
-
78.80
99 
38.8
596 784 
MSS
F 
0.775
338 
0.824
687 
0.366
583 
0.139
382 60 24 9 10 12 5 4 4 3 13 5 7 8 6 
-
70.67
1 
41.8
485 45 
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FUNCTIONAL GROUP RANGE SHIFT PREDICTIONS 
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